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Adsorptive filtration using highly porous adsorbents offers an 
alternative technique to the conventional practices of floccu-
lation, coagulation and filtration, for the removal of colloidal 
matter from water, 
Adsorptive filtration of colloidal particles from liquid streams 
by highly porous ion-exchange resins has been investigated using 
Amberlite IRA 938 resin, a well characterised synthetic model 
colloidal 
of the 
particle (Primal E1743) and a comprehensive variation 
affect 
fluid dynamic and electrostatic parameters expected 
colloid adsorption to charged porous adsorbents. 
to 
These investigations carried out using a batch system, a recycle 
reactor (resin column) with an infinite recycle ratio, showed:-
Adsorption of CO l l O i da l particles to Amberlite IRA 938 resin is 
restricted to the readily accessible outside surface of the 
resin, unless very long contact times are allowed, The rate of 
colloid adsorption to the outer regions of the resin is 
determined by the transport of the colloidal particles across the 
hydrodynamic boundary layer surrounding the resin bead, Transport 
across its outer regions is influenced by the colloid concentra-
tion gradient and Brownian diffusion while transport over its 
inner regions is determined by electrostatic forces. At very 
high superficial fluid velocities in the resin bed, when the 
hydrodynamic boundary layer becomes thin, surface reaction 
(physisorption) may be rate limiting. Adsorption to highly porous 
Amberlite IRA 938 resin is enhanced by its extended rough 
surface, 
A simple empirical model has been developed which describes the 
special case of colloid adsorption to highly porous adsorbents, 
such as Amberlite IRA 938 resin, The model is based on three 
parameters namely: hydrodynamic boundary layer thickness, the 
distance over which electrostatic forces are effective and the 
surface reaction rate (physisorption rate), 
- 1 l -
ACKNOWLEDGEMENTS 
The author wishes to thank the following people and organisations 
for their assistance during his research studies: 
1) Mr. B,A. Hendry for his supervision, and ceaseless interest 
in the project, 
2) The Council for Scientific and Industrial Research, 
Foundation for Research Development for their financial 
assistance and encouragement, 
3) Rohm and Haas for supplying resin samples, 
4) The Electronmicroscope Unit at UCT for the training and 
use of their electronmicroscopes, 
5) The Zoology Department at UCT for the use of their 
Coulter Counter, 
6) Wood Science department at the University of Stellenbosch for 
the use of their Zeta-meter, 
7) Mr, K. Wheeler and Mr. A, Barker for their assistance in 
constructing apparatus for this project. 
8) The Water Research Commission and South African Pulp and 
Paper Industry for supporting water research in the 
Department of Chemical Engineering at UCT. 
9) The post-graduate students in the Department of Chemical 
Engineering, for their friendship and support. 
- iii -




Abstract ( i ) 
Acknowledgement ( i i ) 
List of Tables (viii) 
List of Figures ( X) 
List of Electronmicroscope Photographs (xiii) 
Nomenclature (xv) 
1 INTRODUCTION 1 
1.1 Adsorptive filtration 2 
1.2 Adsorptive filtration using ion-exchange resins 4 
1.3 Objectives and motivations 7 
2 THEORETICAL BACKGROUND TO COLLOID DIFFUSION, 9 
INTER-PARTICLE ATTRACTION/REPULSION AND ADSORPTIVE 
FILTRATION 
2.1 Introduction 9 
2.2 Colloids and the stability of colloidal 10 
systems 
2.3 The mechanisms of adsorptive filtration 15 
in packed beds 
2.4 Classical diffusion film theory 19 
2.5 Correlations for diffusion controlled 21 
adsorptive filtration 
2.s.1 Limitations of the proposed correlations 23 
2.6 Correlations for adsorptive filtration which 24 
incorporate interaction forces 
2.6,1 Evaluation of the total interaction 24 
potentials 
- V -
2,6,2 Interpretation of total interaction 
potential energy profiles by Kim and 
Rajagopalan 




2,7 Summary of theory 
3 EXPERIMENTAL METHODS AND APPARATUS 
3,1 Experimental programme 
3,2 Experimental materials 
3,2, 1 Model colloid Primal E1743 
3,2,2 Highly porous Amberlite IRA 938 resin 
3,2,3 Other colloidal materials 













3,3 Experimental procedures and apparatus 39 
3,3,1 Resin preparation 39 
3,3, 1, l Screening 39 
3,3,1,2 Resin sample preparation and 39 
loading 
3,3,2 Adsorption isotherms 40 
3,3,3 Batch studies 41 
3,3,3, 1 Apparatus 41 
3,3,3,2 Method of interpretation of 41 
batch data 
3,3,4 Resin regeneration and adsorption 42 
reversibi 1 ity 
3, 3. 4, 1 Hot water 42 
3,3,4,2 Chemical regeneration 42 
3,3,4,3 Ultrasonic cleaning 44 
3,4 Parameters affecting the kinetics of colloid 44 
particle adsorption 
3. 4, 1 Co 1 1 o i d a 1 part i c 1 e size 44 
3,4,2 Resin bead size- 46 
3,4,3 Resin surface coverage 46 
3,4,4 Superficial fluid velocity in the resin 47 
bed 
3,4,5 Resin charge 47 
3,4,6 Charge on colloidal particles 48 
3,4,7 Suspension pH 48 
3,4,8 Ionic strength of the suspension 49 
3,4,9 Combined effect of certain parameters 49 
4 RESULTS ANO DISCUSSION 
4.1 Introduction 





4.2.1 The effect of surface coverage on 53 
adsorption rate interpreted by 
electronmicroscopy 
4,2,2 Investigation of effects of surface 57 
coverage using the batch apparatus 
4,2,3 Rate expressions based on% modified 60 
outside surface coverage 
4,2.4 Shrinking core model 61 
4,2,5 Col laid transport within the adsorbent 61 
4,2,6 Rate expressions based on% interior and 63 
modified exterior surface coverages 
4,3 Resin regeneration and adsorption reversibility 64 
4,3,1 Desorption in hot water 
4.3,2 Chemical regeneration/cleaning 
4.3,3 Ultrasonic regeneration/cleaning 
4,3,4 Summary of available regeneration 
techniques 
4,4 Parameters expected to affect colloid 
adsorption to resin 
4.4.1 Colloidal particle size 
4.4,2 Resin bead size 










4,4.3.1 Electrostatic sub-layer within 76 
the hydrodynamic boundary layer 
4.4.3.2 Roughness of exterior resin 78 
surface 
4.4.4 Surface reaction 
4,4.5 Adsorption rate expression 




4,4.6.1 Variation of resin surface charge 83 
4.4.6,2 Variation of colloid surface 85 
charge by pH variation 
4.4.6.3 Electrolyte strength 86 
4,4,6,4 Interaction potential energy 88 
4,5 Adsorption model 94 
4,5,1 Qualitative model 94 
4.5.2 Numerical model 96 
4,5,2,1 Case of low surface coverage 97 
















The effect of surface coverage/resin 
loading on adsorption rate. 
The effect of resin bead size on 
adsorption rate. 
Calculation of resin bead surface areas. 
The effect of superficial fluid velocity 
in the resin bed on adsorption rate. 
The effect of surface charge on 
adsorption rate. 
Amberlite IRA 938 and it's cation and 
uncharged equivalents. 
Calculation of interaction potential 
energies. 
Calculation of zeta potentials. 
The effect of colloidal particle size 
on adsorption rate. 
The need to investigate alternative 
water resources. 
Desalination processes. 
Reverse osmosis desalination of seawater. 
Current uses of ion-exchange resins 
in adsorptive processes. 
The detection and characterization of 
colloidal matter involved in seawater 













LIST OF TABLES 
1,1 Comparison of porosity and surface area data 
for highly porous and gel ion-exchange resins, 
1,2 Effectiveness of Amberlite IRA 938 resin for 
inorganic colloid removal, 
2,1 Comparison of predicted and measured 
adsorption rates for various colloidal 
particles to postively charged 
Amberlite IRA 938 resin, 
4,1 Adsorption isotherm results for sample no, 11 
4,2 Comparison of average adsorption rates at 
two different resin loadings/surface 
coverages, 
4,3 The variation of adsorption rate with resin 
loading, 
4,4 The variation of adsorption rate with resin 
outside surface area, 
4,5 The effect of colloid particle size on 
adsorption rate to Amberlite IRA 938 resin, 
4,6 The adsorption rates of various colloidal 
particles to Amberlite IRA 938 resin, 
4,7 The adsorption rates of colloids of the 












4,8 The variation of zeta potential of the colloids 84 
and resin with pH. 
- ix -
4.9 Adsorption rates of colloids of varying surface 85 
charges as affected by pH variation to 
Amberlite IRA 938 resin. 
4.10 The effect of ionic strength on adsorption rate. 86 
- X -
LIST OF FIGURES 
1.1 Filtration mechanisms 
2.1 An aluminium atom substituted into a silica 
tetraoxide lattice, showing the resulting 
net negative charge. 
2.2 The variation of London - van der Waals and 
coulombic forces as a function of separating 
distance between two similarly colloidal 
charged particles. 
2.3 Interaction potential energy curves for 
charged particles, 
2.4 The effect of ionic strength on interaction 
potential energy curves resulting from two 
similarly charged particles, 
2.5 Transport mechanisms of particles from the 








2.6 The variation of particle adsorption mechanisms 18 
with particle size, 
2.7 The Nernst diffusion layer 28 
2.8 Classification of surface interaction energy 28 
profiles, 
3,1 Concentration - time curve, showing the 
classical first order reaction rate of the 
Amberlite IRA 938 - Primal E1743 system, 
4,1 Adsorption isotherms for the Amberlite IRA 938 
- Primal E1743 system, 
43 
- xi -
4,2 Representation of the "Shrinking core model", 
4,3 Chemical regeneration of Amberlite IRA 938 
resin loaded with Primal E1743 spheres, 
4,4 Ultrasonic regeneration of Amberlite IRA 938 
resin loaded with Primal E1743 spheres, 
4,5 The effect of colloidal particle size on 
adsorption rate. 
4,6 A plot of resin outside surface area versus 
adsorption rate showing the linear 
relationship between adsorption rate and 
readily available surface area, 
4,7 A plot showing the relationship between resin 
bead size and adsorption rate, 
4,8 The variation of adsorption rate with flow 
rate for the Amberlite IRA 938 -
Primal E1743 system, 
4,9 The effects of surface roughness, 
4,10 An idealised velocity profile of a particle 
crossing the regions adjacent to a 
collecting surface. 
4,11 The effect of ionic strength on adsorption 
rate for the Amberlite IRA 938 -
Primal E1743 system. 
4,12 The variation of net interaction potential 
energy with ionic strength for the 
Amberlite IRA 938 - Primal E1743 system. 
4,13 The effect of pH on the interaction potential 
energy curves for the Arnberlite IRA 938 -














4,14 The effect of pH on the interaction potential 
energy curves for the Amberlite IRA 938 -
silicon dioxide system, 
4,15 The effect of pH on the interaction potential 
energy curves for the Amberlite IRA 938 -
titanium dioxide system, 
4,16 A comparison between predicted and measured 
adsorption rates as affected by flow rate, 
4,17 A comparison between predicted and measured 






LIST OF ELECTRON MICROSCOPE PHOTOGRAPHS 
1 A scanning electron micrograph of an 
Amberlite IRA 938 resin bead showing its high 
porosity. 
2 A cross-section through an Amberlite IRA 938 
resin bead, which has been contacted with a 
Primal E1743 suspension for 110 days, The 
edge of the resin is covered with white Primal 
E1743 spheres, 
3 A close up of the area shown in the above 
photograph, Note the steep concentration 
gradient of the adsorbed Primal E1743 spheres, 
going from left to right. 
4 A close up of the edge of the resin bead, 
The readily available outside surface area 
is covered by a monolayer of Primal E1743 
spheres. 
5 A piece of Amberlite IRA 938 resin resting on 
the surface of an Amberlite IRA 904 resin bead. 
The relative sizes of the two resin's microspheres 
is well illustrated, 
6 Primal E1743 spheres adsorbed to Amberlite IRA 
938 resin, showing the relative sizes of the 
resin microspheres and Primal E1743 spheres. 
7 Amberlite IRA 938 resin loaded with natur&l 
seawater colloids, 













9 An unfunctionalised resin bead showing its 
reduced surface area and porosity due to 
a polymer coating. 
10 A close up photograph of a coated resin bead 
showing the polymer layer blocking some of 
the resin macropores, Primal E1743 sheres 






A - Hamaker's constant (erg) 
a - radius of collector particle <m, cm•) 
ah - rad i us of co l l o i d a 1 part i c 1 e ( m, cm• ) 
B - defined by equation 18 in Chapter 2. 
Ca - par t i c 1 e c o n c e n t at i o n i n t h e b u l k s u s p e n s i o n ( Par t i c l e s / m3 ) 
Cc - particle concentration at the collector surface 
( par t i c l e s / m3 ) 
C50 - readily available area (outside area) of collector (m
2
) 
Csi - interior surface area of collector (m 2 ) 
D - diffusion coefficient of particles (m2 /s) 
ei - charge of ionic species i (esu) 
k - mass transfer rate constant (m/s) 
kB - Boltzmann constant U/K, erg/K·) 
kf,kd - film mass transfer rate constant (m/s) 
ki - defined by equation 8 in Chapter 2. 
kr - surface react i on rate constant ( ml s ) 
ni concentration of ionic species i (ions/cm 3 ) 
N£o London group given by equation 19 in Chapter 2. 
Pe - Peclet number 
Q - aspect ratio, ratio of collector and paticle radii 
- ra - rate of particle removal (particles/s.m3 ) 
R - roughness term (dimensionless) 
Re - Reynolds number 
S - c o 1 1 e c t o r s u r fa c e a r ea ( m2 ) 
T - absolute temperature <K) 
U superficial fluid velocity in packed bed (m/s) 
V - volume of suspension (m 3 ) 
Vmax - maximum interaction potential energy (erg) 
Vsmin - value of interaction potential energy at the secondary 
minimum (erg) 
x - separation distance between collector and particle (cm) 
* These units must be used when calculating London - van der 
Waals and electrical double layer potential energies. 
- xvi -
Greek Letters 
a - defined by eqation 1 in Chapter 4. 
e: - bed porosity term (dimensionless) 
.,. - fraction of solid in the bed ie.(1 - t:) 
B - bed void fraction (dimensionless) 
o,od - diffusion film thickness (m) 
8¢ - distance over which interaction forces are active (m) 
~ - dielectric constant (dimensionless) 
n - fluid viscosity (kg/ms) 
K - Oebye-Huckel reciprocal 1 ength (cm- 1 ) 
P - fluid density (kg/m 3 ) 
¢ - interaction potential energy (erg) 
¢A - London - van der Waals potential energy (erg) 
¢R - Double layer potential energy (erg) 




Many industrial processes require ultra high purity water, Con-
taminants in the raw water supply include dissolved ions or 
molecules and suspended matter, The latter may be divided into a 
settleable fraction. and colloidal and sub-colloidal fractions, 
It is often found that conventional methods of treatment usins 
flocculation, settling and filtration do not completely remove 
the colloid size fraction and the clarified water still contains 
significant amounts of residual colloidal matter, 
For example colloidal silica remaining in boiler feed water may 
cause deposits on the boiler tubes and turbine blades causing 
over-heating and damage (1), Colloidal matter in water used in 
semi-conductor components manufacture in the electronics industry 
has deleterious effects on the finished products <1,2). In sea-
water desalination by reverse osmosis. colloidal particles in the 
seawater which have passed through conventional pretreatment 
plants, still cause fouling of the reverse osmosis membranes, 
Membrane fouling can add over 40% (3) to the operating cost of a 
reverse osmosis plant and often results in an otherwise attrac-
tive desalination process being uneconomical, Similar situations 
arise with other reverse osmosis feed solutions and also with 
other membrane processes such as ultrafiltration, In these cases 
colloidal particles are usually regarded as a specific class of 
foulant distinct from microbiological films, organics forming 
gelled layers and metal hydroxides (4), However, a little 
reflection shows that colloids are implicated in all of these, 
Failure of conventional treatment systems in the complete removal 
of deleterious colloidal particles from 1iquid streams, is due to 
the wide variety of colloidal particles, variation of their 
properties and the stochastic nature of the removal mechanisms of 
coagulation, flocculation and entrapment in flocc and on filter 
media, 
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Adson,tive processes uti 1 ising porous sol ids appear to offer a 
more positive removal mechanism as the particles are attracted 
to, and held to, the adsorbent surface by strong attractive 
forces. Once inside a porous adsorbent the attached particle is 
tightlv held and not subject to shear or other removal mechanisms 
as in the case of non-porous, smooth media such as sand 
particles, 
The removal of micro-particles from liquid streams by adsorbents 
in a packed bed configuration is generally termed adsorptive 
filtration CS). 
1.1 ADSORPTIVE FILTRATION 
There are three mechanisms by which particles can be filtered 
from liquids: 
i) Surface straining filtration (Figure 1.la) 
ii) Depth straining filtration (Figure 1.lb) 
iii) Adsorptive filtration (Figure 1.1c & 1,ld) 
Adsorptive filtration can be further subdivided: 
i) Adsorption on a smooth collector surface (Figure 1,lc) 
ii) Adsorption onto the surface and inside the pores 











Figure 1,1 FILTRATION MECHANISMS 
d 
Colloids, generally defined as particles intermediate ir si:e 
between true solutions and suspended matter(6,7,8), 2re too small 
to be removed by surface and dept~ str2in~n3 Cun 1 ess first 
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prevalence is expected to increase dramatically before the turn 
of the century, 
DESALINATION PROCESSES 
A number of different processes are presently available for 
seawater desalination. These processes can be divided into two 
groups based on the nature of energy input into the process, 
namely thermal processes and mechanical-electrical processes. 
The thermal processes, multi-stage flash CMSF) and multiple 
effect evaporation (MEE) are commercially established forms of 
the distillation process whereby water vapour is evaporated from 
the saline water and pure water is obtained by condensing this 
vapour. 
The mechanical-electrical processes are vapour compression evap-
oration CVCE), freezing and reverse osmosis <RO). 
Vapour compression evaporation is another distillation process 
and is often termed mechanical compression evaporation, as ·the 
required energy is supplied by compression of steam produced from 
boiling brine in the unit. When the steam is compressed its 
temperature rises and the higher temperature is used to evaporate 
more water. 
The freezing process relies on the fact that on cooling to its 
freezing point, a salt solution will deposit crystallites of pure 
water, which on separation from the mother liquor, washing and 
melting, yield good quality desalinated water, 
Reverse osmosis desalination is based on the principle of natural 
osmosis, where pure water passes through a semi-permeable 
membrane from a dilute to a more concentrated salt solution, The 
technology uses semi-permeable membranes, through which water is 
forced in the reverse to the normal flow direction by an 
externally applied pressure, Thus the feed stream is split into a 
pure water stream (permeate) and a concentrate stream (brine) 
which contains most of the dissolved minerals, organics and 
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colloidal matter. The available driving force to effect the 
separation is the net difference in pressure between that applied 
and the osmotic pressure exerted by the fresh water, Seawater RO 
desalination plants are typically operated at pressures between 4 
and 8 MPa, 
Economic considerations 
Many factors must be considered when evaluating desalination 
processes, these include the desalination duty required, plant 
availabilty and reliabilty, capital costs, and perhaps the most 
important, operating costs, A fairly recent analysis (610 of the 
role of energy in desalination of seawater indicated that the 
energy cost, as a percentage of the total desalination cost, 
varies from 27% for RO to about 65% for distillation processes 
(61), These figures clearly indicate the very substantial role 
that the cost of energy plays in the total cost of desalination 
and it is obvious that even comparatively small energy cost 
increases are reflected in increased desalination costs, This 
emphasises the importance of low energy systems. 
REVERSE OSMOSIS DESALINATION OF SEAWATER 
Reverse osmosis is the newest commercial process for desalting 
saline water, The first successful RO membranes were developed 
simultaneously at the Universities of Florida and California in 
the early 1960's. Since that time RO technology has progressed 
rapidly and is already the most frequently used desalination 
process for brackish water, The use of RO for seawater desal-
ination is expected to follow the same trend. 
The heart of the reverse osmosis technique is the semi-permeable 
membrane which determines both the salt rejection and flux of any 
RO system, The membranes most often used are cellulose acetate, 
polyamide, or thin film composite membranes. 
A number of membrane configurations are available, The most 
popular are tubular, spiral wrapped and hollow fibre membranes, 
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Tubular membranes are cast on the inside of paper or fabric tubes 
and are usually supported by a suitably corrosion resistant 
perforated metal tube, Pressurised feed water is introduced into 
the end of a tube, and the product water permeates through the 
membrane and is collected on the outside, The reject or concen-
trate exits from the end of the tube, Tubular configurations are 
the least space efficient and have membrane surface area to 
volume ratios of approximately 100, 
Spiral wrapped membranes consist of a number of rolled membrane 
envelopes housed in a pressure vessel. The membranes, in each 
envelope, are separated by a spacer, through which the permeate 
flows along the spiral to a central collection tube while the 
feed water flows axially across the membrane surfaces, A typical 
surface area to volume ratio for this configuration is 300, 
Hollow fibre membranes, typically consist of fine hairlike ex-
truded tubes of polyamide with outside diameters of 85 microns 
and capillary diameters of 42 microns. A skein of about a 
million of these fibres is folded back upon itself and the ends 
are encapsulated in a resin tube sheet, The bundle is contained 
in a cylindrical pressure vessel through which feed water flows; 
the product water passes through the walls of the fibres and 
flows out through the encapsulated ends, This configuration is 
extremely compact and has surface area to volume ratios of 
approximately 5000, 
Reverse osmosis systems compared to other desalination processes 
are simple, They consist essentially of suitable high pressure 
pumps, cartridge filters to remove particulate matter from the 
feed, the membranes in their pressure vessels and the necessary 
piping, f1ow measurement devices and control valves to achieve 
the prescribed operating conditions, 
It is apparent that with such a simple system the only real 
problems must be centered on the membranes, This is born out in 
practice and we find that fouling and membrane life are the main 
problem areas, 
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Reverse osmosis membrane fouling 
Membrane fouling is an extremely complex phenomena for which 
there is no simple definition, Perhaps the most informative and 
broadly applicable definition is given by Eykamp (62); 
"Fouling is a condition in which a membrane undergoes 
plugging or coating by some element in the stream being 
treated, in such a way that its output or flux is 
reduced and in such a way that the foulant is not in 
dynamic equilibrium with the stream being ultrafiltrated, 
In other words, something has occurred that makes the 
micro-environment near the membrane a nonsteady state 
situation," 
Fouling of a membrane is caused by one or a combination of the 
following factors, membrane scaling, metal oxide fouling, device 
plugging, biological fouling and colloidal fouling (4), 
Membrane 
dissolved 
scaling is caused by the precipitation 
in the seawater, As the brine stream is 
of salts 
concentrated 
due to the loss of water during the RO process, the dissolved 
salts in the brine stream can exceed their solubility limits and 
can precipitate on the membrane surface, In seawater the major 
sealants are calcium carbonate and calcium sulphate, Carbonate 
scaling can be prevented by pH controll while calcium sulphate 
scaling can be prevented with the use of antiscalants such as 
sodium hexametaphosphate, 
Metal oxide fouling occurs as a result of corrosion of metal 
pieces of equipment in the RO system, This problem can be reduced 
by the use of plastic and other corrosion resistant materials. 
Device plugging is caused by particles too large ( eg, larger 
than 1/5 minimum channel) to pass through the feed-brine passage 
which are trapped in the permeator, This problem is usually 
avoided by the use of cartridge filters in the feed line, 
Biological fouling is caused by biological attack of the RO 
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membrane. Prevention of biological attack on the membrane is 
usually accomplished by regular cleaning with the use of chlorine 
or other disinfectants. This however, has a detrimental effect on 
some types of membranes (e.g. polyamide membranes) and consequen-
tly a chlorine absorption stage has to be included in the process 
to protect the membranes. 
Colloidal fouling is caused by the entrapment of colloids, 
particles intermediate in size between true solutions and 
suspended matter, on the membrane surface, Colloidal fouling is 
thought to occur by the destabi 1 isation of colloidal particles 
at the reverse osmosis membrane surface. 
The membrane concentrates both dissolved solids and colloidal 
particulates on the one side of the membrane while passing pure 
water through to be collected on the other side, At steady state, 
solute does not accumulate on the membrane, so solute transport 
by diffusion away from the membrane surface must occur simul-
taneously with convective diffusion towards the membrane. For 
reverse diffusion to occur a concentration gradient, with a 
higher solute concentration at the membrane surface than in the 
bulk, must exist, This phenomena is termed concentration polar-
isation. 
As colloidal particles approach the membrane surface and enter 
the boundary layer of higher salt concentration, their diffuse 
boundary layers shink, resulting in a decrease in repulsive 
forces and the potential energy barrier between the particles. 
This allows the colloidal particles to approach each other more 
closely so that London - van der Waals forces, which are strongly 
distance dependent, can coagulate the particles, The larger 
coagulated particles then deposit on the membrane surface causing 
the reverse osmosis system to produce less purified water 
(permeate). 
A further two theories on the mechanism of reverse osmosis 
fouling by particulates have been postulated, The simpler to the 
two theories postulates that colloids having low mobilities, 
(colloids have diffusion coefficients 2 to 3 orders of magnitude 
lower than inorganic salts), retrodiffuse from the membrane 
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surface much more slowly than ionic species and so tend to build 
up in the boundary layer at the membrane surface. 
The second theory presented by Green and Belfort (63) combines 
lateral migration theory, standard filtration theory and particle 
trajectory analysis, and suggests that fouling occurs when the 
membrane permeation velocity (J) exceeds the radially directed 
particle lift velocity (l), 
! L ? PARTICLE 
I, , J, , ~· 
I i 1 i 
PERMEATE 
A schematic diagram of the for·ces on a particle flowing over a 
porous membrane. 
This theory apparently presents the first quantitative model cf 
colloidal fouling of reverse osmosis membranes, and predicts the 
minimum average axial velocity (Ve) required to prevent fouling, 
(no fouling when L> or =J). The critical velocity needed to 
sustain any given flux without fouling is given by 
l 
Pretreatment processes 
The recognised technique for controlling colloidal fouling 1s 
pretreatment of the feed water to ~educe the concentration of 
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these impurities, This is usually undertaken using a number of 
stages which include sedimentation, coagulation and filtration. 
This technique is however unreliable as most of the small 
colloidal particles, responsible for most of the colloidal 
fouling (20), pass through this process (6), The complex nature 
of the pretreatment required for seawater RO desalination is 
brought out by the typical pretreatment process described below, 
A typical pretreatment plant for a multi-million liter per day 
reverse osmosis seawater desalination plant functions as follows, 
The feed, after passing through trash rakes and travelling 
screens, is chlorinated to kill micro-organisms and bacteria. 
The chlorinated feed is then treated with sulphuric acid to 
reduce its pH to 6,0 - 6,5, about lOppm of a carbonate scale 
suppressent such as hexametaphosphate and a flocculating agent 
such as ferric chloride or aluminium sulphate are added at the 
clarifier. In most cases the treated water then flows through a 
series of filters, The first filter is typically, a sand filter, 
while the second is a polishing filter, usually a diatomaous 
earth or cartridge filter, that removes some the fine particles. 
Finally if the membrane is chlorine sensitive, the feed is 
treated with sodium bisulfite or activated carbon to remove any 
traces of remaining chlorine (64,65,66,67,68), 




amortisation) of a seawater RO 
is because the membranes are 
as they have a limited life, 
the operiting costs 
desalination plants 
considered equipment 
typically three years, 
as their pure water flux decreases due to fouling, 
There is therefore strong motivation to investigate alternative 
processes or to simplify and improve existing pretreatment pro-
cesses and so lengthen the life of the RO membranes and reduce 
operating costs of RO processes, 
Current RO pretreatment processes using coagulation and filtra-
tion have been found to be expensive, complex and inadequate or 
unreliable in many situations, This is due to the variety of 
potential foulants, variation of their properties and the 
stochastic nature of the removal mechanisms of colloidal and 
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particulate foulants in these processes. Adsorptive processes 
utilising porous adorbents appear to offer a more positive 
removal mechanism and a simple reliable process. A preliminary 
study of the removal of particulates from seawater by adsorptive 
filtration using two macroporous basic anion exchanges, during 
1982, proved extemely encouraging (see Appendix G), 
This stimulated interest in the adsorption of colloidal materials 
to highly porous adsorbents and led to the fundamental investiga-
tion into the fluid dynamic and electrostatic factors which 
affect colloid adsorption to highly porous ion-exchange resint 
dealt with in this thesis. 
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CURRENT USES OF ION-EXCHANGE RESINS IN ADSORPTIVE PROCESSES 
Research has show that highly macro-porous resins can be used 
effectively for removing non-reactive silica, high molecular 
weight humic matter, radioactive "crud", and also for rendering 
water sterile and pyrogen free (13,15,16), 
Non-reactive silica 
The use of Amberlite IRA 938 resin to remove non-reactive 
colloidal silica from water in the electronics industry is 
receiving growing acceptance, 
Non-reactive silica occurs as a colloid in association with 
organic material and various metal cations, This complex, shown 
in the figure below, is often referred to as the Universal 
Colloid and typically contains silica, iron(lll) oxide, 
aluminium oxide, magnesium oxide, calcium oxide and naturally 
occuring organic acids (2), 
The universal colloid. 
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Colloidal silica is removed from Manchester Corporation Water 
Works water by Amberlite IRA 938 resin (16). On this plant it was 
found that 110 liters of wet settled resin produced over 180 000 
liters of specification water, from 0.3 ppm silica feed water per 
regeneration (70% of the non-reactive silica is retained on a 0.1 
micron membrane filter, but passes through a 1.2 micron membrane 
filter). Typical silica loadings on the resin were 1.2 - 1.9 
grams silica per liter of wet settled resin. 
The resin was initially regenerated using warm dilute hydro-
chloric acid followed by warm sodium hydroxide, however this did 
not remove the organic contaminants, thus the resin was further 
treated with a warm solution of 10% w/w sodium chloride and 5% 
w/w sodium hydroxide (16). 
Bacteria, viruses and pyrogenic substances. 
The use of ion-exchange resins for the removal and/or concen-
tration of bacteria, viruses and pyrogenic substances from blood 
and saline solutions started in the 1950's (69). It was found 
that virus particles could be removed from both plasma and tissue 
extracts and in some instances the virus particles could be 
eluted from the resins without loss in activity (70). Further it 
does appear that viruses are primarily adsorbed by anion exchange 
resins and that they desorb using various electrolyte buffers, 
A recent study (71) of the applicabi 1ity of ion-exchange resins 
to the treatment of waste streams containing high molecular 
weight organics and viruses, showed that weak base resins have a 
significantly superior sorption capacity to traditional adsorb-
ents such as activated carbon, Two model species were studied; 
bovine serum albumin (molecular weight 69000) as the model 
organic molecule and bacterial virus MS2 (diameter 0,025 microns) 
as the model virus, 
Continuous flow studies were conducted with the weak anion resin 
Ouolite A-7 in columns 19,8 cm in length and 1,5 cm in diameter 
and at flow rates of approximately 11,5 BV/hr. Column experiments 
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showed that Duolite A-7 resin has a breakthrough capacity of 
approximately 2*10- 2 g/g for bovine serum albumin and that more 
than 90% of the sorbed protein can be obtained by caustic regen-
eration. 
Column studies with the MS2 bacterial virus, fed at a concen-
tration of 109 /ml, indicated that virus removal is greater than 
99% for the first 30 BV and then only decreases to 95% removal 
after a further 23 BV. 
Further interesting points which emerged from this study were 
that resin capacity is strongly dependent on the ionic strength 
and pH of the bulk solution. The highest resin capacities were 
found to be at low ionic strength and neutral pH values. 
In a recent article entitled "Removal of Bacteria Water by 
adhesion to Cross-Linked Poly(Vinylpyridinium Halide)" (72), 
column studies showed that 97 - 100% of viable cells could be 
eliminated from suspensions of bacteria (10~ - 108 cells per ml) 
when the flow rate was 0,8 to 1,4 bed volumes per hour. 
Mechanistic studies demonstrated that the resin irreversibly 
captured the bacteria alive during the treatment. 
Amberlite IRA 900 resin compared poorly with the above resin, 
adsorbing bacteria 3 to 10 times more slowly than the cross-
linked poly(vinylpyridinium halide) resin. Unfortunately 
Amberlite IRA 938 resin was not used during these experiments, 
however it is expected to be more effective than Amberlite IRA 
900 (72), 
Amberlite IRA 938 resin has been used to prepare sterile and 
biologically pure water (69). In this investigation the effect-
iveness of Amberlite IRA 938 resin in the removal of pyrogenic 
substances was tested (pyrogens are macro-molecules of the order 
108 molecular weight). Column studies showed that 0.2 Kg of mixed 
Amberlite 200 and Amberlite IRA 938 ion exchange resins produced 
at least 100 liters of sterile water from contaminated feed water 
(10 ng/cm 3 of international reference pyrogens) at flow rates of 
50 liters per hour. 
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A P P E N D I X G 
THE DETECTION AND CHARACTERIZATION OF COLLOIDAL MATTER 
INVOLVED IN SEAWATER REVERSE OSMOSIS MEMBRANE FOULING. 
(Progress Report 10th June 1983.) 
(i) 
OBJECTIVES OF RESEARCH 
The short term objective of this research involved the detection and 
characterisation of colloidal matter involved in seawater reverse osmosis 
membrane fouling. The ultimate long term objective is,however, to 
develop an efficient pretreatment process for seawater reverse osmosis 
desalination based on adsorptive processes. This would replace currently 
used coagulation/filtration processes which have been found to be inadequate 
or unreliable in some situations. 
The short term objective is the development of a convenient colloidal 
particle analysis technique which gives both particle sizes and particle 
size distributions. 
Once the short term objective has been achieved, the particle analysis 
technique will be used to measure and compare the removal of particulates 
from seawater by various macroreticular ion-exchange resins and related 
adsorbents, with conventional pretreatment processes. 
The removal of particulates from seawater using two macroreticular strongly 
basic anion exchangers was studied during 1982. The results were 
extremely encouraging. 
TABLE OF CONTENTS 




(i) The Gravimetric Analysis 










Desalination of seawater by reverse osmosis is becoming an increasingly 
attractive means of producing fresh water. The reverse osmosis process 
has the inherent problem of the semi-permeable membranes, housed in a sealed 
pressure vessel, being easily fouled by a variety of impurities. This 
calls for an effective pretreatment of seawater to remove these impurities 
prior to desalination by reverse osmosis. 
One of the main problems in current pretreatment processes of coagulation 
and filtration, is the incomplete removal of colloidal matter which may 
be either organic or inorganic. It was therefore decided to develop a 
convenient colloidal particle analysis technique for seawater. After 
a considerable literature survey, the approach decided upon was a combina-
tion of two currently used particle size analysis and identification tech-
niques : gravimetric size distribution analysis using membrane filters 
and electron microscopy. It is hoped should time permit to extend the 
above analysis and use macroreticular resins to perform a classification 
of colloidal matter into hydrophobic and hydrophibic groups and subsequently 
into cationic, anionic and neutral subgroups. 
The use of a gravimetric analysis technique using membrane filters was 
studied in a final year student project in the Department of Chemical 
Engineering during 1981 and many of the problems of accuracy and sensitivity 
associated with this technique have been overcome. Thus optimum techniques 
for removing extractables present in membrane filters, drying and weighing 
the filters were studied. 
Gravimetric analysis can be undertaken in two ways, various pore size 
filters can be used in series or parallel. Generally, however, the 
series technique is favoured as large particles can often mask the mass of 
smaller particles, if trapped on the same membrane. 
Feed is passed through a series of preweighed filters, and after rinsing 
- 2 -
and drying the mass of particles trapped on a particular filter is found. 
Thus the process is analogous to a screen analysis. The membrane pore 
sizes to be used in the preliminary investigation are as follows: 
8,0µ to remove all macro particles, followed by 1,2µ, 0,45µ, 0,10µ and 
0,025µ (each of these membranes is a factor of four smaller than the 
previous pore size). 
After gravimetric analysis the membrane filters are studied using the 
electron-microscope, in this way the number and nature of the particles 
in each size range can be determined. 
Once the above techniques have been developed to the desired degree of 
proficiency,the emphasis of the research will shift to monitoring the 
colloidal quality of seawater and evaluating the performance of ion-
exchange resins as a pretreatment method to reduce fouling of reverse 
osmosis membranes. 
During 1982 the removal of particulates from seawater by two macroreticular 
strongly basic anion· exchangers was studied. Results showed that 
Amberlite IRA 904 is virtually incapable of reducing the Silt Density 
Index (SDI-index which the reverse osmosis industry was to evaluate the 
fouling nature of a water, see discussion for details of test) of the 
seawater,while the Amberlite IRA 938 resin reduced the SDI consistently 
to less than 70%. Specifications for different membrane types vary from 
a SDI of 45% to 65%. 
Electron-microscope studies of the Amberlite IRA 938 resin beads showed 
that colloidal particles of less than 1µ seem to be adsorbed onto the 
0 
resin surface. The pores of this resin consist of± 70000 A spaces 
between microspheres created during the manufacture of the resins, the 
particulates were adsorbed onto the surface of these internal microspheres. 
Thus it would be valuable to evaluate each resin performance both with 
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the standard SDI test and a gravimetric analysis with its complimentary 
electron microscopy. In this manner the size and nature of the colloidal 
material removed by the resin may be determined. 
This information on resin performance, will help in resin selection and the 
attainment of the long term objective of the research, the establishing of 




Colloidal particles are typically in the size range 0,001µ to 10µ (2). 
However, certain references (1, 3) consider colloids to lie between 
0,001µ and 1µ. In this study, particles in the first mentioned size 
range will be referred to as colloidal. The larger particles are expected 
to be removed easily by filtration effects, while those in the quoted 
range, it is hoped, can be removed by macroreticular ion-exchange resins 
or related adsorbents. 
Colloidal particle size distribution analysis techniques 
Sedimentation as a technique for determining size distribution of particulates 
has been used by numerous researchers. However, only recently have the 
extremely long sedimentation times, due to colloids being retarded from 
settling by Brownian motion (particles of less than 10µ will settle at a 
rate of less than 10- 4 m/s) (2), been overcome to some extent. Krischkes 
and Gast (4) refined sedimentation techniques and named this technique 
"Automatic Particle Size Analysis by Manometric Measurement under Gravity". 
With this method they can determine particle sizes down to 0,5µ with a 
24 hour experiment. This figure is comparable with figures given by 
other researchers which quote minimum determinable particle sizes of 
0,5µ (5), 0,4µ (6) and 0,3µ (7). 
The intensity of light scattering is also routinely used for particle size 
analysis (i.e. turbidimetry and nephelometry). Both of the above methods 
need calibration against a standard ; turbidimetry measures the degree of 
decrease of the intensity of the incident light, nephelometry measures 
the degree of scattering of the incident light. 
Turbidimeters are subject to the following inherent problem, in that a 
small number of large particles can.give the same turbidity as a large 
number of small particles and thus particle size is not easily determinable. 
Nephelometers can give particle size measurements since particle size affects 
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the angle at which the incident light is scattered. Typically nephelometers 
operate over a particle size range from 0,001µ to 10µ (8). 
More recently nephelometry has been refined into what is termed "Ouasielastic 
light Scattering". This technique allows extremely rapid measurement 
and has a relatively wide particle size range, 0,005µ to 2µ (9). 
Particle counting is another recognised technique for determining size 
distributions. Particle counting can be undertaken in two ways i.e. 
electron-microscopy or the use of a particle counting instrument such as 
a "Coulter Counter''. Beard and Tanka (10) who studied the use of 
particle counters stated that particle counters are extremely useful tools 
in the quantification and size distribution analysis of suspended matter. 
A typical particle size range of a "Coulter Counter" is 0,4µ to 800µ, 
"Nano-Sizers" typically cover 0,04µ to 3µ (these particle counters are 
currently availbale form Coulter Electronics South Africa (Pty) Ltd.). 
Electron-microscope studies are undertaken in two ways scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). Researchers 
using these methods usually trap colloids on a suitable membrane filter 
and then count the number of colloids per given area. This type of study 
collects all colloids larger than the membrane filter ~ore size and gives 
little information on the size distribution of the colloids. Electron-
microscopy is generally used over the size range 0,002µ to 0,15µ (11). 
Light microscopes are also occasionally used, however, it is difficult to 
distinguish between particles whose size is less than 3µ (12). ASTM 
(American Standard Test Methods) has a general technique for counting 
and sizing particulate contanimants applicable to a variety of fluids, 
typically 5µ to 100µ, using a variable magnification light microscope (13). 
Membrane filtration is a technique which is often used in conjunction with 
microscope studies. Colloidal particles are trapped on varying sizes of 
membrane filters and then counted using the ASTM technique (13). ASTM 
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also has a specialised technique for particulate contamination analysis in 
aerospace fluids using membrane filters (14), which is expected to be 
applicable to a variety of fluids. 
on its applications. 
However, no information is available 
Membrane filtration is also used in gravimetric analyses. This method 
entails using membrane filters as sieves in series or parallel. Typically 
feed is passed through a series of preweighed filters and after drying 
the mass of the colloidal material trapped on the particular filter is 
found ( 15, 16). 
The choice membrane filter and the volume of feed to be filtered has been 
found to be important in size separation of marine particles. Sheldon (23) 
found that the average minimum sizes of particles retained by metal membranes 
(Silas Flotronics) and perforated polycarbonate membranes (General Electric 
Nuclepore) were similar to the stated pore sizes when relatively small 
seawater samples with moderate concentrations of particles were filtered. 
,> 
However, cellulose ester membranes and Glass-fibre filters retained 
particles much smaller than the stated pore size even with small samples 
with low particle concentrations. 
Danielsson (17) concluded that membrane filters are generally unsuitable 
for the separation of suspended matter as effective pore size is influenced 
by the amount of particles on the membrane surface due to the formation of 
a filtration cake. 
Field-Flow Fractionation(FFF) is becoming increasingly popular as a size 
distribution analysis technique. FFF separations take place in an open 
flow channel over which a field is applied perpendicular to the flow. 
FFF may be broken down into 5 subtechniques according to the applied field, 
namely sedimentation FFF, electrica1 FFF, thermal FFF, flow FFF and steric 
FFF. The advantages of this method include flexibiltiy due to the variety 
of fields available and high resolution. Separation of macromolecules, 
colloids and particulate species over an effective molecular weight range 
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10 3 to i0 18 is typical (18, 19). 
The concentration of impurities by progressive freezing is exceedingly 
useful ; however, it is most often used in conjunction with size distribu-
tion analysis technique. The use of freezing is based on the fact that 
when ice is crystallised from an aqueous solution or suspension, the 
crystal is built up by more pure water, leaving the impurities in the 
remaining liquid (20). Ullman (21) noted that freeze concentration applies 
equally well whether the particle be Brownian or non-Brownian in size. 
Halde's (20) results showed that the coarser the particles the more easily 
they can be separated. 
Thus by varying freezing rates one can remove varying sizes of particles 
(i.e. fast freezing only large particles are separated, small particles 
remain in liquid matrix, remove large particles, melt the ice and freeze 
at slower rate, slightly smaller particles will be separated etc.). 
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DISCUSSION 
This section of the report will discuss the development of the gravimetric 
analysis and define the Silt Density Index test. 
The Gravimetric Analysis 
The membranes selected for the gravimetric analysis were millipore MF-type 
membrane filters. These filters are composed of cellulose acetate and 
cellulose nitrate and are recommended for all analytical applications (21). 
(At the time Millipore MF-type membrane filters were chosen, the article 
by Sheldon (23), on particle retensions on various membrane filters, had 
not yet been uncovered. However, most of the experience obtained with 
Millipore filters is directly applicable to Nucleopore membranes the 
membranes to be used in preference of Millipore membranes). 
MF-Type filter materials is quality control tested for bubble point (± 10% 
to the rated pore size), porosity (70-80% void volume depending on pore 
size), extractables content and thickness (135µ at± 10%). However, two 
of the above specifications have been found to be erroneous. Sheldon (23) 
found that the effective pore sizes were substantially lower than those 
quoted by the manufacturer, effective pore sizes found by Sheldon are shown 
in the.following table. Further, it has been found that extractables 
exceeded the claimed specifications in the smaller pore size membranes. 
Care in their use is therefore necessary. 
The following table shows the important characteristics of MF-type filters 
over the relevant pore size range (22). 
The first problem encountered -with the gravimetric analysis technique is 
that of extractables in the membranes. This was illustrated by the 
research done during 1981. Filtering 250ml of tap water through a 0,05µ 
filter, decreased the overall dried weight of·the filter by 0,1mg (0,2% of 
the membrane mass), while filtering 400ml and 1500ml of tap water increased 
the dried weights by 0,1mg and 0,6mg respectively. 
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Pore Size Pore size Medium Pore Porosity Extractables 
( µ) variation (µ) size ( ]J) % mon 
(Sheldon) 
8,0 ± 1, 4 0,88 84 6,0 
5,0 + 1, 2 0,77 84 6,0 
3,0 ± 0,9 0,65 83 6,0 
1, 2 ± 0,3 0,55 82 5,0 
0,8 ± 0,05 0,55 82 4,0 
0,65 ± 0,03 81 3,0 
0,45 ± O,Oli 0,45 79 2,5 
0,30 ± 0,02 77 2,0 
0,22 ± 0,02 75 2,0 
0, 10 ::!:: 0,008 74 1 , 5 
0,05 ± 0,003 72 1 , 5 
0,025 ± 0,002 70 1 , 5 
After many trials during 1981, the method established for removing the 
extractables is as follows: 
1) Wash/soak the membrane in 50ml of clean water (e.g. reverse osmosis 
or ultrafilter permeate) at 60°C for 30 minutes. 
% 
2) Filter 200ml of clean water through the membrane filter (water at 60°C). 
3) Dry the membrane at 80°C for 1 hour (supported on glass beads). 
As the temperature of the water in the washing and filtering steps of the 
above process appears to have a marked influence on the rate at which the 
extractables are removed (requires± 100ml at 100°C, ± 200ml at 60°C and 
± 500ml at 20°C) the temperature of the water used has been raised to 
70°C (maximum recommended temperature 75°C). 
A further safeguard against errors due to extractables has been included 
in the analysis technique. Two identical filters are placed in the 
filtration apparatus. The samples pass through both filters, but all 
contaminants are retained on the upper filter. Thus the difference in 
dried weights between the two filters shGuld be due to contaminant material. 
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A problem which was experienced in 1981 and has been reported by many other 
researchers (17, 23), is the problem of cake or gel filtration. Gel 
filtration caused particles smaller than the nominal pore size to be 
trapped on the membrane. This problem can be reduced by the use of a 
stirred cell which ensures that there is a high tangential shear at the 
membrane surface. This prevents the deposition and settling of colloids 
on the surface of the membrane, maintaining them in suspension in the liquid 
above the filter surface. 
This has been achieved by designing a special stirred filtration cell, 
(Figure 1) which has a magnetic stirrer which is suspended± 1mm above 
the membrane surface. 
The problem of gel filtration and the reduction of effective pore size 
of filters, will be further reduced once Nucleopore membrane filters 
are used. Sheldon (23) claims that Nucleopore membrane filters, filter 
to the point of overloading without changing their effective pore size, 
unlike Millipore and Flotronics membrane filters. 
Another problem encountered when applying gravimetric size analysis 
techniques to seawater is the low and variable concentration of colloids 
in seawater. This is shown by the following results obtained at 
Swakopmund, South West Africa. 
Raw seawater collected from the surf-zone. 
Particle size Average concentration Concentration Range 
(µ) (mg/ l) ( mg/ l) 
~ 8µ 26,9 111 , 0 - 8,4 
~ 8µ ~ 1 ,2µ 6, 1 14,9 - 1 , 0 
~ 1 , 2).J ~ 0,45µ 8, 1 20,0 - 1 , 2 
~ 0, 45).J ~ 0, 10).J 4, 1 16,3 - 1 , 0 
(These results were obtianed using Millipore membrane filters and there-
fore could be misleading. The concentrations of the larger colloids 
could be overstated, while the concentrations of the smaller colloids 
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are likely to be ~understated.) 
The low concentration of colloids calls for large volumes of water to be 
filtered if errors are to be kept to a minimum. The balance available is 
accurate to 0,1mg, therefore to get a maximum error of 5% a minimum mass 
of 2mg must be trapped on each membrane filter. This calls for sample 
volumes up to 5£. The volume of the stirred cell is 100ml. The 
additional storage capacity is provided by a dispensing pressure vessel, 
with a volume of 5£. A regulated clean air pressure line is connected 
to the vessel and the water is pushed through a tube to the filtration 
cell. 
The air which pressurises the reservoir is derived from the laboratory 
supply and is cleaned by a dust separator, a mist eliminator and finally 
be a membrane filter (0,025µ), thus all contaminants in this stream are 
eliminated. The air pressure to the reservoir is also regulated to the 
desired pressure and thus the filtration rate in the filtration cell can 
be varied as ~equired. The filtrate is stored in a sealed vessel for 
repetition with a filter of smaller pore size. 
The final problem encountered was the removal of salt solution trapped 
in the membranes during the seawater filtration. It appears that this 
problem can be overcome by filtering approximately 150ml of clean water, 
(e.g. reverse osmosis or ultrafilter permeate) through the membrane filter. 
The analysis technique as it is at present is analogous to a screen 
analysis. It involves passing seawater through a series of prepared and 
preweighed membrane filters and after drying the mass of particles trapped 
on each filter is found. The filters are then studied under the electron 
microscope, in order to determine the number and nature of the colloids 
in each size range. 
A summary of the technique applicable to Millipore membrane filters is as 
follows : 
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1. Wash/soak the membrane filters in 50ml of pure water at 70°C for 
30 min. 
2. Filter 200ml of pure water at 70°C. 
3. Dry the membrane filters at 80°C for 1hr, support on glass beads 
( 6mm ¢). 
4. Weigh the membrane filters immediately after drying. 
5. Wet the filters with pure water by putting them into a pure water 
water-bath. 
6. Place two membrane filters, of the same pore size, on top of one 
another on the stainless steel support plate in the filtration cell 
and assemble cell. 
7. Put 5£ seawater sample in cleaned pressure vessel. 
8. Connect piping from reservoir to filtration cell. 
9. Set pressure regulator to the required pressure. 
10. Open bleed screw on filtration cell. 
11. Switch on pressure. 
12. Shut bleed screw once the filtration cell is 4/5 full of water. 
13. Switch on magnetic stirrer to the required speed. 
14. Collect filtrate in the filtrate reservoir. 
15. Once 5£ has been filtered, switch off pressure and depressurise 
Amicon pressure vessel and add pure water to wash salt out of membranes. 
16. Go back to steps 10 to 13. 
17. Discard filtrate. 
18. Switch off pressure and depressurise vessel. 
19. Dismantle filtration cell. 
20. Remove membrane filters carefully and dry on beads as support for 
1 hour at 80°C. 
21. Weigh the membrane filter. 
22. Store membrane in sealed petri-dish for later examination under the 
electron-microscope. 
23. Repeat process for next size membrane filter, putting the filtrate 
in the dispensing pressure vessel. 
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Silt Density Index 
The membrane industry has adapted a test called the Silt Density Index to 
evaluate the degree of potential colloidal fouling a water will inflict 
on a reverse osmosis.membrane. 
To determine a Silt Density Index, feed water is passed through a 0,45µ 
filter under a controlled pressure of 30psig (210 KPa). One measures 
the time to collect the first 500ml of filtrate and then after a further 
5, 10 or 15 minutes one again measures the time to collect a further 500ml. 




: ( 1 - tf) X 100 
where SDI = Silt Density Index 
P30 = % pluggage at 30 psig feed pressure 
T = total test time in minutes 
t. = initial time required to obtain sample l 
tr = time required to obtain final sample 
Various problems with this test have been described by different workers. 
Scheppers and Verdouw (24) point out that no linear relationship exists 
between the index and the concentration of colloidal and suspended matter. 
Reed and Belfort(25) identified the problem of the SDI test not modelling 
tangentral (shear) flow across the membrane surface~ 
The major problem perceived by this author is the fact that particles 
smaller than 0,45µ can significantly foul reverse osmosis membranes, and 
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40 ml (free settled volume) 
35.4 ml (tapped volume) 
1.00 N 
Volume of NaOH added (ml) pH 



























NaOH (ml) * NaOH (N) 
resin (ml - fsv) 
= 11.95 * 1.00 
40 
= 0.30 meq/ml of resin 
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CALCULATION OF INTERACTION POTENTIAL ENERGIES 
The total interaction potential energy between a particle and 
collector, as a function of separating distance in an ionic 
medium is the sum of the London - van der Waals potential and the 
electrical double layer potentials. The formulae and calculation 
procedures used are identical to those in references 39 and 41. 
The London - van der Waals potential is given by; 
( ) A132 [ (x + 2ab) 2ah (x + ab)j 
<PA x = -6- ln x - -x-,-( x-+__,2,_a_h..,..)J 
where ah is the particle radius (cm) 
x the separation distance (cm) 
and A123 the Hamakers constant for the system. 
where A11, A22 and A 33 are the individual Hamaker constants 
for the collector, particle and medium. 
The electrical double layer potential can be calculated using the 
linearised solution of the Poisson - Boltzman equation, 
<P (x) = ± ~:h [( 1!\ + '¥ 2 ) 2 ln(1 ± e-Kx) + ('¥ 1 - '¥ 2Yln(1 :;: e-Kx)J 
where tis the dielectric constant of the medium 
'¥ 1 and '¥ 2 are the surface potentials of the particle, 
collector (esu) 
K is the Debye - Huckel reciprocal length and is 
given by; 
K = 
4n 2 -- In.e. 
~kBT iii 
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where n. is the number of ion of species i per unit volume 
1. 
ei i s t h e c ha r g e o n t h e s p e c i e s i 
k8 is the Boltzman constant 
and T the absolute temperature. 
Taking the Amberlite IRA 938 - Primal E1743 system at pH of 7 as 
an example, 
Zeta potential of resin = 77.4 mv 
Zeta potential of Primal E1743 = -37.9 mv 
Radius of Primal El743 particles = 0.275 * 1 o-
4 cm 
Ionic strength of the medium = 3 * 1 o-
5 M ** 
Dielectric costant of medium = 80. 1 at 20° C (ref. 57) 
Hamakers constant for the resin = 6.4 * 1 o- 1 3 erg 
Hamakers constant for the particle = 6.4 * 1 o- 1 3 erg 
Hamakers constant of the medium = 4.38 * 1 o- 1 3 erg 
Hamakers constants for the system were taken Visser (56). The 
values for the ion-exchange resin and Primal E1743 spheres were 
average values for polymers/resins. The Hamaker constant for 
mo s t P o 1 y me r s f e 1 l i n t o t h e ran g e 6 t o 8 * 1 o- 1 3 • 
** This figure was assumed for all experiments conducted at 
neutral pH and is based on conductivity measurements of the 
water and suspensions used in the experiments. 
- 033 -
The following are calculated total interaction potential energies 
for the above system at various separation distances; 
Distance (cm) 
1 * 1 o- 8 
1 * 1 o-
7 
5 * 10- 7 
1 * 10-
7 
5 * 1 o- 6 
1 * 10-h 
5 * 10-
5 
1 * 1 o-
4 
Total Interaction 
potential energy (erg) 
- 5. 171 * 1 o- 1 0 
- 3.227 * 1 o- 1 0 
- 1.943 * 1 o- 1 0 
- 1.417 * 1 o- 1 0 
- 3,970 * 1 o- 1 1 
- 1. 352 * 1 o- 1 1 
- 9.946 * 1 o- 1 5 
-4.039 * 1 o- 1 7 
Total Interaction 










CALCULATION OF ZETA POTENTIALS 
1 Apparatus 
The zeta potential of the particles was measured using a zeta-
meter. A zeta-meter consists of a stereoscopic microscope with 
occular micrometer: 15x WF eye pieces; 2, 4, 6 and 8x (adjusted 
manification) objectives; and a special stage. An illuminator, 
producing a thin beam of intense blue-white light with heat 
absorbing filter is used; a d.c. power supply continuously 
variable from Oto 500 volts; a clear plastic electrophoresis 
cell equipped with platinumiridium electrodes; a cell holder 
consisting of a thick and highly reflective mirror for reflecting 
the light (45 degrees) upward through the cell tube; and an 
interrupted-type cumulative reading electrical timer, reading in 
tenths of seconds. 
2 Formulae and Calculation Procedures <Zeta meter 
manual ref. 58) 
The Helmholtz-Smoluchowski formula, conventionally employed for 
determining the zeta potential of normally encountered colloids, 
is as follows; 
EM* 4 *Pl* z 
Zp = ---------------
Dt 
where Zp is zeta potential (esu) 
EM is electrophoretic mobility (cm/sec per esu/cm) 
z is the viscosity of the medium (poise) 
Dt is the dielectric constant of the suspending 
medium. 
Pl is the mathematical constant 
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Converting the above equation to more convenient units, 
113000 * z * EM 
Zp = ---------------
Dt 
where Zp is the zeta potential (mv) 
z is the viscosity of the medium (poise) 
EM is el ectrophoretic mobi 1 ity (microns/sec per vol't/cm) 
For a suspending medium of water at 20°C, 
11300 * z 
--------- = 14.1 
Dt 
therefore Zp = 14. 1 * EM 
Taking Primal E1743 spheres, in distilled water at a pH of 7 
and temperature of 18°C, as an example the zeta potential can be 
calculated as follows; 
Volts = 150 
Occular magnification = 8x (micrometer scale 120 microns) 
Average time to cross one micometer division= 2.32 sec 
microns* cm 
EM= ------------
volt * sec 
120 * 10 
= ----------
200 * 2.32 
= 2.586 
therefore Zp = 2.586 * 14.1 
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But the temperature at which the zeta potential was measured was 
18°C, therefore the zeta potential must be corrected for this 
temperature difference. The figure of 14.1 was based on a 
temperature of 20°C. The dielectric constant and viscosity must 
be adjusted. 
Zp = 2,586 * 14.1 * 1.04 
= - 37,9 (the negative sign indicates that the colloid 




pH Temp. SC V Time meter ZP ZP Sample scale 
oc corrected micro- sec mv for temp. 
mhos mv 





















pH Temp. SC V Time meter ZP ZP Sample scale corrected oc micro- sec mv for temp. 
mhos mv 








Primal E1743 7 18 30 JOO 4,20 120 -37,9 -39,4 microns 
Electrolyte 
strength 4,45 










Temp. SC V Time 
meter 
ZP ZP Sample 
pH scale 
corrected oc micro- sec mv for temp. 
mhos mv 
Primal El743 7 18 300 100 3,65 120 -44,8 -46,4 microns 
Electrolyte 
strength \ 3,59 








Primal El743 7 18 2250 100 4, I 0 120 -46, I -47,9 microns 
Electrolyte 
strength 3, 72 










pH Temp. SC V Time meter ZP ZP Sample scale corrected ·c micro- sec mv for temp. 
mhos mv 







Amberlite IRA 120 










V Time meter ZP ZP pH Temp. SC scale Sample corrected DC micro- sec mv for temp. 
mhos mv 
Amberlite IRA 120 








Amberlite IRA 7 18 130 100 2,97 120 57,7 60,0 938 resin microns 
Electrolyte 
strength 2,97 












ZP ZP pH SC V scale co rrected Sample 0 
micro- sec mv fo r temp. C 
mhos fflY 
Amberlite IRA 120 
938 resin 7 18 510 100 3,50 microns 49,7 51, 7 
Electrolyte 
strength 3,53 








220D 100 3,90 120 43,4 45, l 7 18 microns 938 resin 
Electrolyte 








A P P E N D I X E 
THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
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TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE OF ADSORPTION RATE 
RUN NO. 1 a 
RESIN Amberl ite IRA 938 
508 microns RESIN BEAD SIZE 




pH 7 +- 1,5 























Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0,003 













TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO. lb 
RESIN Amberlite IRA 938 
RESIN BEAD SIZE Amberlite IRA 938 
COLLOID silicon dioxide (0.012 microns) 
FLOW RATE 22 ml/min 
pH 7 +- 1.5 

























Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.997 
a= 0.012 














TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO, 2a 
RESIN Amberlite IRA 938 
RESIN BEAD SIZE 508 microns 
COLLOID si 1 icon dioxide (0,5 microns) 
FLOW RATE 22 ml/min 
pH 7 +- 1,5 
IONIC STRENGTH distilled water 





































Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,997 
a= -0,031 





















TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO. 2b 
RESIN Amberlite IRA 938 
RESIN BEAD SIZE 508 microns 
COLLOID silicon dioxide (0.5 microns) 
FLOW RATE 22 ml/min 
pH 7 +- 1. 5 
IONIC STRENGTH distilled water 































Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.998 
a= -0.20 


















TiTLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO, 3a 
RESIN Amberlite IRA 938 








7 +- 1,5 
d i st i l 1 e d wa t er 
(1,2 microns) 



































Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0,007 




















TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO. 3b 
RESIN Amberlite IRA 938 








7 +- 1,5 
di st i l 1 e d wa t er 
(1.2 microns) 

































Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0,998 
a= 0,006 



















TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO, 4a 
RESIN Amberlite IRA 938 
RESIN BEAD SIZE 508 microns 
COLLOID si 1 icon dioxide (4 microns) 
FLOW RATE 22 ml/min 
pH 7 +- 1 , 5 
IONIC STRENGTH distilled water 























Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,998 
a= 0,025 














TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO, 4b 
RESIN Amberlite IRA 938 






si 1 ica dioxide 
22 ml/min 
7 +- 1,5 
di st i 1 1 e d water 
(4 microns) 























Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0,006 











1 • 141 
1,243 
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TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO. Sa 
RESIN Amberlite IRA 938 






si 1 ica dioxide 
22 ml/min 
7 +- 1, 5 
d i st i 1 1 e d water 
(8 microns) 



















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,998 
a= 0,012 
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TITLE THE EFFECT OF COLLOIDAL PARTICLE SIZE ON ADSORPTION RATE 
RUN NO. Sb 
RESIN Amberl ite IRA 938 








7 +- 1,5 
di st i 1 l e d water 
(8 microns) 





















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,999 
a= 0,021 













A P P E N D I X F 
THE NEED TO INVESTIGATE ALTERNATIVE WATER RESOURCES 
DESALINATION PROCESSES 
REVERSE OSMOSIS DESALINATION OF SEAWATER 
CURRENT USES OF ION-EXCHANGE RESINS IN ADSORPTIVE PROCESSES 
- F2 -
THE NEED TO INVESTIGATE ALTERNATIVE WATER RESOURCES 
Fresh water, like other natural resources, is becoming a scarce 
commodity, in a developing Southern Africa. Rapid population 
growth and industrial expansion are putting ever increasing 
demands on local and regional water supplies. Calculations 
indicate that the Republic's water balance w i l 1 become critical 
shortly after the turn of the century and that the water demand 
w i 1 l exceed the estimated tot a 1 resource ( 59) • 
The South Western Cape, although having a relatively high rain-
fall in South African terms, is no exception to the problems of 
rapidly increasing population and industrial expansion. It has 
been estimated that the water demand by the year 2010 will be 
2173 million m3 per annum for urban and industrial use and a 
further 1124 million m3 per annum will be required for agricul-
ture (60). This gives a total demand of 3297 million m3 per annum 
which is just about equal to the estimated total resource for the 
region 3330 million cubic meters per annum, This shows that in an 
overall regional 
introduced before 
context, no uncoventional resources need be 
2010; thereafter however alternative sources 
for supplementing the regions fresh water will have to be 
prov i de d < 60) • 
The South Western Cape has however a vast untapped water 
resource; the sea. 
Desalination of seawater for the South Western Cape has not 
received much attention, as this process has traditionally been 
both energy and cost intensive, The practical applicability of 
desalination is directly related to the unit cost of the product 
water and the reliability of the desalination process, Up to the 
present the main deterrent to large scale use of desalination 
processes has been their inability to compete on a cost basis 
with conventional sources of supply, 
Desalination of seawater is however becoming popular in areas 
where alternative supplies are simply not available or are very 
costly, Such conditions do occur in Southern Africa and their 
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TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1.5 
1000 ppm NaCl 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a= 0.014 



















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO, 
RESIN 



























7 +- 1 . 5 
2500 ppm NaCl 

















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0,002 



















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1.5 
3000 ppm NaCl 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a= o.005 



















AMBERLITE IRA 938 AND IT'S CATION AND UNCHARGED EQUIVALENTS 






Densities (g/cm 3 ) 
Skeletal 
Apparent 
Porosity (cm3 pores/g) 
(dry resin) 
Pore diameter (A) 
Mean 
Range 
Surface area (m 2 ) 
Anion exchange 
capacity (dry) 
Uniform yellow sperical particles shipped 




72 - 78 % 
Approximately 10 % upon conversion 




70 ooo A 
25 ooo to 250 ooo A 
7.3 
3.8 meq/g (choride form)* 
* As capacity in terms of meq/g dry resin is not particularly 
appropriate when dealing with organic and colloidal matter, Dr. 
Kunin gives a figure. of 100mg/g of resin for organic and 
colloidal matter, but stresses this capacity is dependent on the 
nature of the organic and colloidal matter. 
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2 The properties of the Unfunctionalised and Cation resin 
The unfunctionalised precusor of Amberlite IRA 938 resin and the 
cation resin prepared from the latter have the same 














0.30 meq/g (hydrogen form) 
3 Procedure to sulphonate the co-polymer of Amberlite IRA 938 
i) Charge 100 parts by weight of co-polymer into a mixture 
of 2500 parts sulphuric acid (95-98%) and 100 parts 
ethylene dichloride. 
ii) Distill off the ethylene dichoride while heating the 
mixture to a temperature of 120°C, Agitate the slurry 
gently. 
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iii) Hold the temperature at 120°C for three hours. 
iv) Add water dropwise keeping the temperature below 120°C 
(heat is evolved on addition of water) untill complete 
dilution. 
v) After cooling, wash the filtered resin beads repeatedly 
with water to remove soluable materials. 
vi) The resin is now in the hydrogen form, if the sodium form 
is required place the filtered resin in water and 
neutralise the slurry with NaOH while agitating. 
3 The capacity of the sulphonated co-polymer 
The capacity of the sulphonated resin was determined using pH 
titrations. A measured volume of resin, in the hydrogen form, was 
placed in 50 ml of distilled water was titrated against 1 N NaOH. 







40 ml (free settled volume) 
35.6 ml (tapped volume) 
1. 00 N 






















Na OH < m 1 ) * Na OH ( N) 
resin (ml - fsv) 
= 12.4 * 1.00 
40 
= 0.31 meq/ml of resin 
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TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 7a 
RESIN Amberlite IRA 938 
RESIN BEAD SIZE 508 microns 
COLLOID titanium dioxide 
FLOW RATE 70 ml/min 
pH 7 +- 1.5 
IONIC STRENGTH distilled water 
Titanium dioxide did not adsorb to Amberlite IRA 938 resin at 
this pH. 
- 011 -
TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. Ba 
RESIN Amberlite IRA 938 
RESIN BEAD SIZE 508 microns 
COLLOID titanium dioxide 
FLOW RATE 70 ml/min 
pH 4 +- 0.2 
IONIC STRENGTH distilled water 
Titanium dioxide did not adsorb to Amberlite IRA 938 resin at 
this pH. 
- 012 -
TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO, 9a 
RESIN Amberlite IRA 938 




70 ml/min FLOW RATE 
pH 10 +- 0,2 



























Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,999 
a= 0,035 















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 10a 
RESIN cation form 






si 1 icon dioxide 
70 ml/min 
7 +- 1.s 
dist i 1 1 e d water 
Silicon dioxide did not adsorb to cation resin at this pH. 
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TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 11 a 
RESIN cation form 
RESIN BEAD SIZE 508 microns 
COLLOID Primal E1743 
FLOW RATE 70 ml/min 
pH 7 +- 1. 5 
IONIC STRENGTH distilled water 
Primal E1743 did not adsorb to the cation resin at this pH. 
- 015 -
TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 12a 
RESIN cation form 








7 +- 1. 5 
d i st i l l e d wa t er 
Titanium dioxide did not adsorb to the cation resin at neutral 
pH, however some adsorption was measured at pH values less than 5. 
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TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 13a 
RESIN uncharged 




70 ml/min FLOW RATE 
pH 7 +- 1. 5 



























Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.991 
a= 0.024 















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 14a 
RESIN uncharged 




70 ml/min FLOW RATE 
pH 7 +- 1. 5 



































Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.986 
a= o.084 



















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1. 5 
distilled water 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.983 
a= 0.089 



















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 
RESIN 
























7 +- 1 . 5 
distilled water 














Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0,996 
a= 0.020 
















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO, 
RESIN 



























7 +- 1,5 
0 ppm NaCl 

















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1,000 
a= -0,023 



















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1. 5 
20 ppm NaCl 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a= 0.000 



















TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1. 5 
250 ppm NaCl 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0.002 
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A P P E N D I X A 
ADSORPTION ISOTHERMS <PRIMAL E1743 - AMBERLITE IRA 938) 
RESIN REGENERATION/CLEANING 
THE EFFECT OF SURFACE COVERAGE/RESIN LOADING ON ADSORPTION RATE 
- A2 -
ADSORPTION ISOTHERMS FOR THE PRIMAL E1743 - AMBERLITE IRA 938 
RESIN SYSTEM 
1 Gram resin samples were placed into bottles containing 300 ml 
of distilled water. Varying amounts of model colloid (Primal 
E1743) were then added to each bottle. 













































































































1 Gram resin samples each loaded with between 25 and 45 mg of 
model colloid (Primal E1743), were used in the regeneration 
techniques studied, 
1 Chemical Regeneration 
Regeneration using hot HCl and NaOH, A minimal amount of the 
colloid was released during the first five minutes of the 
experiment while hot HCl was pumped through the system, The 
colloid was released slowly while the hot NaOH was cycled through 
the resin bed. 


































The resin column was submerged in a temperature controlled 
ultrasonic bath, Distilled water was pumped through the resin 
bed and the colloid particle concentration in the effluent water 
was monitored, 
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Resin loading at start of regeneration= 45mg/g 
Time Colloid concentration Time Abs (cont'd) 
(min) (absorbance 4 cm eel l) 
0 0 95 0,42 
12 0 100 0,41 
15 0,48 105 0,38 
20 1, 65 110 0,41 
25 1, 90 115 0,44 
30 1,63 120 0,46 
35 1, 43 125 0,50 
40 1, 16 130 0,61 
45 1, 09 135 0,47 
50 1,06 140 0,40 
55 0,90 145 0,42 
60 0,80 150 0,40 
65 0,74 155 0,38 
70 0,63 160 0,36 
75 0,50 165 0,34 
80 0,48 170 0,30 
85 0,50 175 0,29 
90 0,43 180 0,29 
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TITLE THE EFFECT OF SURFACE COVERAGE/LOADING ON ADSORPTION RATE 
RUN NO. 1 
RESIN Amberlite IRA 938 
RESIN BEAD SIZE 508 microns 
COLLOID Primal E1743 
FLOW RATE 45 ml/min 
pH 7 +- 1. 5 
IONIC STRENGTH distilled water 










COLLOID CONCENTRATION Cabs) 
1.17 







Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.999 
a= o.004 






























Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.999 
a= 0.002 





























Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.998 
a= 0.002 


























Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a= 0.002 























Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.996 
a= 0.001 






















1 • 21 
1 , 17 
Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.999 
a= 0.000 









A P P E N D I X B 
THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
CALCULATION OF RESIN BEAD SURFACE AREAS 
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TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1.5 
distilled water 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0,999 
a= -0,008 



















TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO. 
RESIN 


























7 +- 1. 5 
distilled water 
















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.997 
a= -0.094 


















TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO. 
RESIN 


























7 +- 1.5 
distilled water 
















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.999 
a= 0,010 


















TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1.5 
distilled water 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.975 
a= 0.090 



















TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1.5 
distilled water 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a= -0.002 



















TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO, 
RESIN 




























7 +- 1, 5 
distilled water 


















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0,012 




















TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO, 
RESIN 























7 +- 1. 5 
distilled water 













Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,999 
a= 0,007 















TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSRPTION RATE 
RUN NO. 
RESIN 






















7 +- 1.s 
distilled water 












Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1.000 
a= 0.009 














TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO. 
RESIN 




























7 +- 1,5 
distilled water 


















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0,999 
a= 0,016 




















TITLE THE EFFECT OF RESIN BEAD SIZE ON ADSORPTION RATE 
RUN NO, 
RESIN 


























7 +- 1,5 
distilled water 
















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0,019 

















<* 0,9 grams of dry resin was used and therefore the slope 
of the curve scaled up accordingly,) 
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CALCULATION OF RESIN BEAD SURFACE AREAS 
The resin was screened, as explained in Section 3.3, and the 
following resin size distribution resulted; 
Resin size (microns) 
> 1000 
1000 < 850 
850 < 600 
600 < 425 
425 < 300 
300 < 150 
< 150 








A graph of percent oversize versus log particle size was then 
plotted, Using this plot the six resin sizes were subdivided 

























































































425-400 87.0 o.533 0.366 34771 18.53 
400-350 93.0 0.422 0.276 55386 23.37 




300-250 98.0 0,238 0, 109 140244 33,38 
250-200 98,8 0. 159 0,060 205190 32,63 




(1) - is the outside surface area(* 10-b m2 ) of a single resin 
bead of average size in the fraction. 
( 2) - i s t he v o 1 um e ( * 1 o- 4 c m3 ) of a s i n g 1 e res i n bead of 
average size in the resin fraction, 
( 3 ) - i s t h e o v e r a l l s u r fa c e a r ea ( * 1 o- 3 m2 ) f o r t h e par t i c u 1 a r 
resin size fraction, 
In each 50 or 25 micron resin size fraction an average ·surface 
area and volume for a single resin bead was calculated, Using 
these figures, the published density of the resin (0,157 g/cm3 ), 
and the cumulative percent oversize a surface area for a size 
fraction can be calculated as follows; 
volume occupied by the resin 
no. of beads= ----------------------------
volume of one bead 
1 gram of resin occupies= 1/0,157 cm3 
= 6. 37 cm 3 
porosity in a bed of spheres= 0,4 
therefore volume occupied by the resin= 0,6 * 6,37 
= 3. 82 cm 3 
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Using the 1000-950 size interval as an example, 
no. of beads in a lg bed of resin= 3.82 / 4.85 * 10-~ 
= 7876 beads 
But the 1000-950 size interval only accounts for 25% of the 
resin in the 1000-850 sieve size fraction, 
therefore surface area attributed to this size fraction is 
= 0.25 * area of one bead* 7876 
= S.890 * 10- 3 m2 
Adding the surface areas for each 25 or 50 micron size interval 
gives the overall surface area for the particular sieve size 
fraction. 
The weighted average resin bead size for a sieve size fraction 
was calculated using the average particle diameters for the 25 or 
50 micron size intervals and the percent cumulative oversize as 
follows; 
Weighted particle size = 
the sum of (average particle size* fraction of the sieve sample) 
Taking the 1000-850 sieve- size fraction as an example. 
Weighted particle size= [(975 * 25)+(925 * 37.5)+(875 * 37.5)] 
= 919 microns 
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A P P E N D I X C 
THE EFFECT OF SUPERFICIAL FLUID VELOCITY ON ADSORPTION RATE 
- C2 -
TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1,5 
distilled water 

















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,998 
a= 0,002 



















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 























7 +- 1 . 5 
distilled water 













Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.999 
a= 0.024 















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO, 
RESIN 


























7 +- 1.5 
distilled water 
















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,997 
a= 0,055 


















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 























7 +- 1. 5 
distilled water 













Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.998 
a= -0,048 















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 

























7 +- 1.5 
distilled water 















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.999 
a= 0.024 

















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 
























7 +- 1.s 
distlled water 














Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a = 0.011 
















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 



























7 +- 1. 5 
distilled water 

















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a= 0.01s 



















TITLE THE EFFECT OF FLOW RATE ON ADSROPTION RATE 
RUN NO. 
RESIN 
























7 +- 1. 5 
distilled water 














Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.999 
a= -0.009 
















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 

























7 +- 1.5 
distilled water 















Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1,000 
a= -0.012 

















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 

























7 +- 1.5 
distilled water 















Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0.013 

















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 
























7 +- 1,5 
distilled water 














Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a= 0.008 
















TITLE THE EFFECT OF FLOW RATE ON ADSRPTION RATE 
RUN NO. 
RESIN 
























7 +- 1. 5 
distilled water 














Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1.000 
a= -0.004 
















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 























7 +- 1.5 
distilled water 













Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 1.000 
a= 0,007 















TITLE THE EFFECT OF FLOW RATE ON ADSORPTION RATE 
RUN NO. 
RESIN 























7 +- 1,5 
distilled water 













Straight line curve fit - least square method. 
y =a+ bx 

















A P P E N D I X D 
THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
AMBERLITE IRA 938 AND IT'S CATION AND UNCHARGED EQUIVALENTS 
CALCULATION OF INTERACTION POTENTIAL ENERGIES 
CALCULATION OF ZETA POTENTIALS 
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TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO, la 
RESIN Amberlite IRA 938 




70 ml/min FLOW RATE 
pH 7 +- 1. 5 























Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,997 
a= 0,033 













TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 
RESIN 





















7 +- 1 . 5 
distilled water 











Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.999 
a= 0.023 














TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 2a 
RESIN Amber 1 it e IRA 938 
RESIN BEAD SIZE 508 microns 
COLLOID si 1 icon dioxide 
FLOW RATE 70 ml/min 
pH 4 +- 0.2 
IONIC STRENGTH distilled water 




TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 3a 
RESIN Amberlite IRA 938 




70 ml/min FLOW RATE 
pH 10 +- 0.2 























Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.997 
a= o.034 













TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 3b 
RESIN Amberlite IRA 938 
RESIN BEAD SIZE 
COLLOID 
508 microns 
si 1 icon dioxide 
70 ml/min FLOW RATE 
pH 10 +- 0.2 

























Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 0.998 
a= o.045 














TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 
RESIN 





















7 +- 1,5 
distilled water 











Straight line curve fit - least square method, 
y =a+ bx 
Regression coefficient R = 0,999 
a= 0,039 













TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO, 
RESIN 






















4 +- 0.2 
distilled water 












Straight line curve fit - least square method. 
y =a+ bx 
Regression coefficient R = 1,000 
a= 0,003 














TITLE THE EFFECT OF SURFACE CHARGE ON ADSORPTION RATE 
RUN NO. 6a 
RESIN Amberlite IRA 938 




70 ml/min FLOW RATE 
pH 10 +- 0.2 

























Straight line curve fit - least square method. 
y ==a+ bx 
Regression coefficient R == 0.999 
a== 0.015 














potential energy curves for the Primal E1743 and silicon dioxide 
- Amberlite IRA 938 resin system at three different pH values, 
The effect of the increase in the attractive force between the 
colloid and the resin, due to the changes in zeta potential 
between pH 7 and pH 10 shown in Table 4,8, is completely masked 
by the effect of the increase in the total ionic strength of the 
solution due to the chemicals added to adjust the pH. Figure 
4,13 shows, however, that there is still a significant differ-
ence in the strength of the attractive forces operating at the 
two pH values and accordingly the adsorption rate at a pH of 10 
should be faster than that at a pH of 4, This however was not 
indicated in the measured rates, Similarly according to Figure 
4,14 the adsorption rate of silicon dioxide to Amberl ite IRA 938 
resin should not have been zero at a pH of 4. 
The above discrepancies could possibly arise from inaccuracies in 
the values of the zeta potentials used in the calculations. The 
uncertainty in the zeta potentials of the Primal E1743 particles 
is however believed to be less than 15%, The measured values are 
presented in Appendix 0, The zeta potential of silicondioxide and 
titanium dioxide were taken from the literature (54,55) and may 
not accurately reflect the particular materials used in these 
experiments, Further, the inconsistencies could arise from errors 
in the calculation of the total interaction potential energies, 
which arise from the uncertainty in the values of the Hamaker 
constants and the application of the linearised solution of the 
Poisson - Boltzmann equation, beyond its normal 




The effect of surface charge on the adsorption is well illus-
trated in Figure 4,15 which shows the variation of interaction 
potential energy with pH for the titanium dioxide - Amberl ite 
IRA 938 resin system, At a pH of 4 there is a potential energy 
barrier, due to the repulsive coulombic forces, which must be 
overcome if adsorption is to occur. A colloidal particle has to 
have an approach distance of less than 25 Angstroms from the 
resin surface before London - van der Waals attractive forces 
























































































































































































































































































































Calculation of the adsorption rate using the approaches of Prieve 
and Ruckenstein (40,41) and Kim and Ragagopalan (11) presented in 
Section 2,4 both indicate that the dimensionless potential energy 
barrier (Vrnax) value of 545 (see Appendix D for calculation 
method) is about 2 orders of magnitude too large to allow any 
significant adsorption, The observed adsorption rate of zero, 
therefore is quite reasonable, 
At low separation distances the forces of attraction at a pH of 
10, due to coulombic forces (see Figure 4,15), are stronger than 
at a pH of 7, However as the separation distance increases the 
effect of increased ionic strength at the higher pH of 10 
decreases the attractive forces between the particle and the 
resin, The two curves therefore cross and the attractive forces 
at a pH of 7 become stronger than those at a pH of 10, 
4,5 ADSORPTION MODEL 
4,5,1 Qualitative model 
Having discussed the role of each parameter affecting adsorption 
of colloidal particles to Amber·lite IRA 932, resin, the phenomena 
observed experimentally can be summarised and explained by the 
followin,:_i "qualitative model". 
Colloidal particles are in constant mot ion in the liquid phase 
as stable individual particles capable of diffusion by and 
stochastic processes under either a concentration gradient or an 
electrostatic force field, Inertia and interception effects are 
insignificant in the particle size range of interest in this 
study, 
A stagnant boundary layer surrounding the resin beads with an 
electrostatic sub-layer intruding part of the way from the resin 
into the boundary layer can be envisaged, The thickness of the 
stagnant boundary layer depends upon: 
i) Superficial fluid velocity in the resin bed, 
ii) Surface roughness of the resin, 
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The distance the electrostatic sub-layer intrudes into the stag-
nant boundary layer depends on: 
i) Zeta potentials of the resin and colloid. 
ii) pH of the colloid suspension. 
iii) Ionic strengh of the colloid suspension. 
Particles diffuse across the the stagnant boundary layer, reach 
the electrostatic sub-layer and are accelerated towards the resin 
surface. As the particles approach the resin surface they are 
slowed by hydrodynamic retardation. On reaching the resin surface 
physisorption occurs. 
Adsorption of colloidal particles to Amberlite IRA 938 resin 
first occurs at the outermost surfaces of the resin. The adsorp-
tion zone then moves into the resin and leaves behind a covered/ 
converted resin outer region. Thus at any time there exists a 
clean/unreacted core of resin which shrinks in size during the 
adsorption process. However, in most cases the adsorption zone 
is less than 50 microns thick because colloid diffusion in the 
resin pores is very slow, At high resin loading pore diffusion is 
adsorption rate controlling, 
At low resin loading, adsorption occurs only on the outermost 
surfaces of the resin and consequently the thickness of the 
hydrodynamic boundary layer is important. Thus adsorption at 
high and low flow rates should be considered further, 
At low flow rates the stagnant boundary layer surrounding the 
resin beads is thick compared to the electrostatic sublayer, 
therefore adsorption is film diffusion controlled. 
At high flow rates the stagnant boundary layer becomes very thin, 
colloid movement to the resin surface is rapid and consequently 
the particles arrive at the resin surface faster than 1hey can be 
removed by physisorption, Film diffusion control tends to give 
way to surface reaction control. 
Adsorption to the resin can be enhanced, retarded or prevented by 
the surface charge on the resin and colloidal particle, Like 
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charges retard or prevent adsorption while opposite charges can 
enhance the adsorption rate to the resin. The degree to which 
surface forces enhance or retard the adsorption is largely 
dependent on the ionic strength of the solution. Coulombic/double 
-layer forces act over large distances at low ionic strengths and 
thus adsorption rates are highest at low ionic strengths. 
4.5.2 Numerical Model 
The adsorption of colloidal particles to a collector surface 
against a potential energy barrier, has been well covered by 
Prieve and Ruckenstein and Kim and Rajagopalan (see Section 
2.4). From their investigations it appears that significant 
adsorption against a potential energy barrier, is likely to occur 
only if the potential energy barrier is small and in this case 
adsorption rates appear to be adequately modelled by their 
equations (8 and 14 in Section 2.6). 
However, the numerical solution to the problem of predicting the 
enhanced adsorption rates of colloidal particles to the surface 
of Amberlite IRA 938 resin requires the calculation of an 
"effective" diffusion film thickness. 
The "effective" diffusion film is described by the dimensionless 
parameter: 
- 1 
where 6d is the diffusion film thickness and 6</> is the distance 
over which the London - van der Waals and Double layer forces are 
active, 
As a becomes large, the adsorption rate becomes film diffusion 
controlled and as a becomes small, the adsorption rate becomes 
surface reaction controlled. 
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4.5.2.1 Case of low surface coverage 
Adsorption to the outer surface of the resin, as explained in 
section 4.4.4, can be considered to be controlled by two resis-
tances or rate controlling steps in series. Further the adsorp-
tion rate, assuming very low surface coverage, can be modelled 
using first order kinetics, where the rate constant is made up of 
two terms. 
1 
- ra = - kCa v· where C80 is a constant 
and - 2 
kf is the film mass transfer rate constant and is determined by 
t h e t h i c k n e s s o f t h e d i f f u s i on b o u n d a r y l a y e r • kr i s t h e r ea c t i o n 
rate constant and is determined by the speed of the physisorption 
step. 
Most convective diffusion equations are based on three para-
meters; 
i) the concentration difference, 
ii) the thickness of the diffusion film, and 
iii) the particle diffusion coefficient. 
D(Ca - Cc)S 
- ra = -----
o - 3 
As explained in section 2.4, Cc can be assumed to be zero for film 
diffusion controlled adsorption, and if s, the available surface 
area of the collector, is almost constant the equation becomes: 
- r a 
DCa 
a: --
0 - 4 
Combining equations 2 and 4, for the film diffusion controlled 
situation (ie. kr << kf), one finds that the film mass transfer 
rate is related to the diffusion coefficient of the particles and 
the diffusion film thickness. 
kf a: D/o - 5 
The "effective" diffusion boundar·y layer covering a collector 
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surface can be significantly thinner than the diffusion boundary 
layer thickness, 6d, as the zone of interaction forces, 6¢, 1 ies 
within the diffusion boundary layer, The movement of colloidal 
particles in the zone of interaction forces is not governed by 
Brownian diffusion, but by the London - van der Waals and coulom-
bic forces, 
In this work the limit of the zone of interaction forces, 6¢ , is 
defined as that distance between a particle and collector that 
produces a dimensionless interaction potential energy, <I>/kBT ~ - 10, 
(This gives rise to a force that produces particle velocities 
approximately equal to Brownian diffusion velocities.) 
The "effective" distance across which diffusion takes place has 
been defined as fol lows; 
a 
0eff = 0d (-) 
a+1 - 6 
where 
This is an empirical equation based on equations presented by 
Ruckenstein and Prieve and Spielman and Friedlander, In the 
extreme case of very low ionic strength and very high superficial 
velocities where od and o9 can be of similar magnitude and 6eff 
is a fraction of od this equation appear·:; to be inaccurate 
( ie, if od:::: 0¢ then a :::: 1, which would give 6eff :::: {od), How -
ever to refine it further for this extreme case a more rigorous 
treatment of the roles of the steep and flat portions of the 
interaction potential energy curves in the acceleration of the 
particles would be required, 
<I> can b e ca l cu l at e d b y sum mi n g t h e c o u l om b i c , ¢R ( x) , an d Lo n don -
van der Waals, ¢A(x), interaction potential energies for various 
separation distances, between the colloid and resin surface, 
using the following equations, 
Al 3 2 [ (x + 2ah) 
¢ A(x) = -- ln ----
6 X - 7 
where x is the separation distance between the resin and colloid, 
ah the radius of the particle and A132 the Hamakers constant for 
the system, 
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where ~ is the dielectric constant of the medium, K the Debye-
Huckel reciprical length and ~1 .~ 2 the surface potentials of the 
resin and particles respectively. 
( Se e A p p e n d i x D f o r ca l c u l at i o n p r o c e d u r e s o f 4> A ( x) an d 4>R ( x) • ) 
od, the characteristic thickness of the diffusion layer, is 
calculated using a correlation based on the Levich relation, 
1 
cSd - a(D/Ua) 3 - 9 
This relation, discussed in section 4.4.3, overestimates the 
thickness of the diffusion boundary layer. This inaccuracy 
probably arises from the fact that the above relation was 
derived for smooth spheres. Amberlite IRA 938 resin is highly 
macroporous and consequently has a rough surface. 
Equation 8 was therefore modified by the addition of a "roughness 
term" as follows: 
1 
od = Ra (D/Ua) 3 
R = 0,58 Re- 2 • 76 - 10 
The roughness term, R, was determined using the results in 
Appendix C and is therefore an empirical relation. 
Using equations 2,5,6,7,8 and 10 one can predict the adsorption 
rate of colloidal particles to Amberlite IRA 938 for any given 
set of conditions Cie. flow rate , ionic strength, bulk solution/ 
suspension pH and zeta potential of the colloidal species). 
In Figure 4.16 the experimental results of adsorption rate versus 
flow rate for the Primal E1743 - Amberlite IRA 938 resin system, 
are compared with the predicted results using the above approach. 
It is apparent that for the conditions used in the calculations, 
the numerical model adequately models the adsorption process. 
Figure 4.17 compares predicted and experimental results of 
adsorption rate as a function of ionic strength. The predicted 
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rates are slighly higher but the trends in the two curves are 
identical. 
The offset is considered of small significance considering the 
scatter in the experimental adsorption rates at low flow rates, 
shown in Figure 4,16, Should the empirical roughness factor, 
have been based on either of the extreme adsorption rates (envel-
ope limits) shown in Figure 4,16 instead of an average adsorption 
rate, the predicted results in Figure 4,17 would have been repre-
sented by either of the dashed curves, 
4,5,2,2 Case of high total surface coverage 
This case was not studied, as high surface coverages were 
impossible to attain in reasonable contact times and thus would 
be of little practical use. For example it took 3,12 days to get 
a total coverage of 3,5% in the column studies and 104 days to 
get similar coverages in the equilibrium studies on the tumbler 
wheel. This case was therefore not considered important, however 
the mechanisms of pore diffusion in the resin beads and a rate 
expression for high surface coverages are discussed in sections 
























































































































































































































































































































































































































































































































































Adsorptive filtration using highly porous ion-exchange resins or 
other similar materials offers a useful technique for removal of 
colloidal matter from water, This technique offers an efficient 
alternative to the current practices of flocculation, coagulation 
and filtration, 
In certain colloid - resin collector systems adsorption is irr-
eversible, resulting in potentially complete removal of colloidal 
impurities from water, Nevertheless techniques such as chemical 
regeneration and ultrasonic cleaning are feasible methods of 
regeneration of the ion-exchange resins used for this purpose, 
Adsorption in other colloid - resin collector systems may be 
reversible, The adsorption is mainly dependent upon the surface 
charges on the resin and the colloid, 
Colloid adsorption in the systems; 
i) Primal E1743 - Amberlite IRA 938 resin 
ii) Silicon dioxide - Amberlite IRA 938 resin 
iii) Natural seawater colloids - Amberlite IRA 938 resin 
is restricted to the resin outer shell or readily accessible 
surface, unless very long contact times are allowed, when the 
whole interior of the resin bead can be utilised, It is likely 
that the above is true for most colloid - collector systems using 
higly porous resin, Pore diffusion is very slow, but may be 
speeded if the adsorption vessel is placed in an ultasonic bath, 
The rate of adsorption depends largely on the colloid particle 
transport mechanisms. Two regions and their corresponding trans-
port mechanisms need to be considered: 
i) Hydrodynamic boundary layer - surrounds the resin beads, 
ii) Pores - within the resin beads, 
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The hydrodynamic boundary layer can be further subdivided into 
two regions, Colloid transport over its outer region is affected 
by the colloid concentration gradient and Brownian diffusion, 
Over the inner regions, adjacent to the resin surface, colloid 
transport is influenced by electrostatic forces, 
When the electrostatic force is attractive, due to oppositely 
charged colloid and collector, 
and visa versa, 
the adsorption rate is enhanced 
The extent to which the electrostatic forces intrude into the 
hydrodynamic boundary layer depends on the colloid and resin 
surface charges and the solution pH and ionic strength. 
pH affects the surface charges on the resin collector and colloid 
particles and consequently affects the strength of adsorptive 
forces between them, 
Ionic strength determines the thickness of the electrical double 
layer adjacent to the resin and colloidal particles, in accor-
dance with the theory presented in section 2,2, Incre3sed ionic 
strength shrinks the thickness of the electrical double layer and 
reduces the distance over which coulombic forces are active, 
Colloid adsorption rate to the resin is therefore reduced, 
Colloid transport within the resin bead (pores) is governed by 
Knudsen diffusion and surface "hopping". These transport mech-
anisms are so slow that the internal porosity (surface area) of 
the resin can be ignored for practical applications, 
The highly porous resin beads of Amberl ite IRA 938 present an 
extended surface Cie, the resin has irregular projections) to 
the bulk fluid, The resin bead therefore, does not have a simple 
spherical boundary. An effective exterior surface area for the 
highly porous beads has been defined and calculated, in this 
work, by comparing measured adsorption rates for rough beads 
(Amberlite IRA 938) with those of otherwise identical smooth 
beads (Amber 1 it e IRA 904), 
Adsorption rate has been found to be first order with respect to 
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this effective exterior surface area. 
Unlike the deeper internal resin porosity, porosity near the 
resin boundary affects the resin surface roughness in addition 
to enhancing the resin outside surface area, and thus affects the 
fluid flow close to the resin surface. 
This effect can be explained if localised turbulence at and 
within the extended resin surface is assumed. This work defined 
and included a roughness factor in rate models to correlate the 
observed data for Amberlite IRA 938 resin. 
At high superficial fluid velocities in a packed resin bed, the 
resin surface roughness causes considerable reduction in the 
hydrodynamic boundary layer thickness and consequently the coll-
oid transport across this layer is rapid and mainly dependent on 
the electrostatic region. Thus at high flow rates the compara-
tively slow physisorption step can become adsorption rate 
limiting. 
Colloid adsorption to Amberlite IRA 938 resin can only be 
understood and modelled if both the physical characteristics and 
the electrostatic forces of the system are considered. 
In conclusion a simple model has been presented which fits the 
special case of colloid adsorption to highly porous ion-exchange 
resins such as Amberlite IRA 938. This model is based on three 
terms: 
i) The thickness of the hydrodynamic boundary layer 
surrounding the highly porous Amberlite IRA 938 resin 
beads - this can be predicted by the incorporation of a 
roughness factor into the correlation derived by 
Levich for the hydrodynamic boundary layer surrounding 
smooth spheres. 
ii) The extent to which the interaction forces intrude into 
the hydrodynamic boundary layer - this can be estimated 
by calculating the London - van der Waals and coulombic 
interaction potential energies between the resin and 
colloid, The equations used in the calculation of these 
interaction energies incorporate the following measured 
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values for the system; zeta potentials of the colloid 
and resin, colloid and resin particle size and the 
total ionic strength of the suspension. 
iii) The surface reaction rate (physisorption rate) - this 
rate is estimated by extrapolation of superficial fluid 
velocity versus adsorption rate data, 
This model has satisfactorily correlated adsorption data measured 
by this worker for the Amberlite IRA 938 - Primal E1743 system 
and qualitatively explained adsorption data collected for the 
other adsorption systems studied. 
The approach used in this model can be applied to most colloid -




The work in this thesis covered the fluid dynamic and electro-
static factors expected to affect colloidal particle adsorption 
onto and into highly porous ion-exchange resins. Results of these 
investigations showed that further research into the undermen-
tioned areas would be imformative, It is recommended that the 
following be carried out: 
1) Further investigation into the uptake and release of colloids 
from the unfunctionalised precursor of Amber1ite IRA 938, 
cation, weak cation and weak anion resins prepared from the 
unfunctionalised resin, Investigation by this resear·cher into 
colloid adsorption to the unfunctionalised resin and cation 
resin prepared from the latter is inconclusive as the 
unfunctionalised precursor bead was covered by a polymer 
layer, This resin therefore, did not have the same pore 
structure as the Amberlite IRA 938 resin supplied by Rohm and 
Haas, 
2) Further investigation into the effect of surface roughness on 
mass transfer efficiencies of colloidal particles to the resin 
surface, by the manufacture of resins with intermediate 
porosity between Amberlite IRA 938 and Amberlite IRA 904, 
This study could lead to improved estimates of hydrodynamic 
boundary layer thickness surrounding both gel and macroporous 
ion-exchange resins. 
3) Characterisation of (resin) surface roughness using fractal 
dimensions derived from microscopic measurements, The use of 
an image analyser or electron micrographs may be of advantage, 
Fractal dimensions and derived parameters may be useful in 
correlating data. 
4) Investigation of colloid transport mechanisms within the 
resin pores, The variation of internal porosity distribution 
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and the ability to characterise it would be essential. Knudsen 
diffusion and surface "hopping" in the resin pores could be 
studied using ultrasonics and the measurement of colloid 
diffusion coefficients. 
5) Investigation into the effect of organic molecules and 
multivalent ions on the zeta potentials and consequently the 
strength of surface forces between the colloids and collector 
surface. Also the effect of colloid loading on the zeta 
potential of the adsorbent. 
6) Investigation into the factors determing the speed of the 
colloid physisorption to the resin surface. Adsorption at 
very high superficial velocities in a packed bed appears 
to be controlled by the physisorption step. Thus the rate of 
physisorption for various colloidal particles to a collecting 
surface could be measured. 
The understanding of the fluid dynamic and electrostatic factors 
which determine colloid adsorption/deposition on charged surfaces 
can be applied in numerous fields and thus future reseach possi-
bilities are almost endless. Examples of current applications 
and reseach are given in appendix F. 
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Photograph 7 AMBERLITE IRA 938 RESIN LOADED WITH NATURAL 
SEAWATER COLLOIDS. ( x 12 700) 
Photograph 8 AMBERLITE IRA 938 RESIN AFTER REGENERATION 
WITH NaOH. ( x 1 300 ) 
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with less than 25mg of Primal E1743 could be at least 50% cleaned 
after 2 hours in the ultrasonic bath. 
A further, more detailed investigation using the more powerful 
"Branson" ultrasonic bath confirmed the above findings. The 
regeneration/cleaning however was more efficient, being faster 
and consequently producing a more concentrated effluent. It was 
found that the resin is approximately 50% cleaned after 1.6 
litres of distilled water was pumped through the resin bed at a 
flow rate of 20ml per minute during sonication. This increased 
to approximately 75% regeneration after a further 1.8 litres had 
passed through the bed (see Figure 4.4). 
Studying Figure 4,4 two interesting points arise, The first is 
that initially a high effluent concentration leaves the bed and 
then the concentration slowly tapers off. A probable reason for 
this is that the surface adsorbed colloids are released quickly 
while the colloids further into the bead take a considerable time 
to "find their way out" of the bead. This reasoning is substant-
iated by an electronmicroscope study of the regenerated resin 
which showed that the exterior surface of the resin was almost 
completely clear whereas the interior surfaces were sparsely 
dotted with Primal E1743 spheres. These electron mic~oscope 
observations were not recorded on film, 
An interesting fact revealed by the electronmicroscope study was 
that the ultrasonic vibrations moved the colloid spheres both 
into and out of the resin beads, Primal E1743 spheres were found 
close to the centre of the bead whereas previously they were 
found a maximum of 50 microns into the bead, This indicates that 
the rate of pore diffusion and therefore the useful capacity of 
the resin could be increased with the use of ultrasonic vibra-
tions, 
The electronmicroscope study further showed that there is minimal 
damage to the resin after an approximate six hour conditioning 
and regeneration/cleaning cycle in the ultrasonic bath, 
The second point arising from Figure 4,4 is that the position of 



























































































































































































important. This is shown by the second peak which resulted from 
the resin column being moved so that it was positioned directly 
above one of the ultrasonic transducers, (The frequency of the 
vibrations was not varied but may have a major effect,) 
4,3,4 Summary of available regeneration techniques 
From the above discussion it is apparent that the resin can be 
regenerated, Resin loaded with natural colloids can, in most 
cases, be regenerated/cleaned using sodium hydroxide, However 
should the colloidal particles be strongly held to the resin, as 
with Primal E1743, it can be adequately cleaned us~ng ultrasonic 
waves and rinsing, with minimal damage to the resin structure, 
(The long term effects of ultrasonic waves on the resin have not 
been determined.) 
4,4 PARAMETERS EXPECTED TO AFFECT COLLOID ADSORPTION TO RESIN 
A number of parameters were studied in order to elucidate the 
driving forces and mechanisms of particulate adsorption to 
polymeric resins, The influence of each parameter will be 
discussed in turn and finally be bound together in an empirical 
model which will be presented at the end of this section, 
4,4,1 Colloidal particle size 
Particle size determines 
particle is brought to 
section 2,3), 
the transport mechanism by which 
the collector surface (discussed 
a 
in 
The rate of adsorption of five different size colloidal particles 
of silica to Amberlite IRA 938 resin was measured, The data is 




Figure 4,5 to the. results obtained by Yao et al. 
is clear that the shape and trends shown by the 




































































































































































































































































































































particle size close to 1 micron which is least amenable to 
removal by adsorptive or filtration processes. 














TABLE 4.5 The effect of colloid particle size on adsorption 
rate on Amberlite IRA 938 resin, 
*(flow rate 22ml/min, fluidised bed) 
Particles smaller than approximately 1 micron are transported to 
the collector surface by Brownian diffusion. As particle size 
decreases the diffusion coefficients of the particles 
thus increasing the rate of transport to the collector 
and consequently the removal rate, 
increase 
surface 
Larger particles have reduced diffusion coefficients and there-
fore the increasing removal efficiency with particle size above 1 
micron indicates that factors other than Brownian diffusion begin 
to contribute to mass transfer, Rajagopolan et al. (24) and Yao 
et al, (26) both suggest that the increase in removal efficiency 
with particle size is due to the shifting of the transport mech-
anism of the particle to the collector surface, from diffusion 
to size (interception) and inertial (gravity, velocity) effects. 
As particle size increases there is an increasing probability 
that particles following laminar streamlines across the surface 
of the collector could contact the collector surface and adsorb. 
Similarly, as the mass of the particles increase with increasing 
size, there is a growing tendency for the particles to follow a 
trajectory determined by inertial effects rather than the laminar 
streamlines, 
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From this investigation it is evident that particle size 
determines the transport mechanism by which the particles are 
brought to the collector surface and consequently affects the 
rate of adsorption to the resin. Further it is apparent that 
Brownian diffusion is the major transport mechanism for the 
smaller particles used in the kinetic experiments conducted in 
this work. 
4,4,2 Resin bead size 
The effect of resin bead size on adsorption rate can help 
identify the rate determining step in adsorption processes. 
t o - 2 • 0 ) 
Typically for film diffusion control (49). 
adsorption ratea: (particle diameter)<-t.!> 
while for particle or pore diffusion control. 
adsorption rate a: (particle diarneter)<-2.o>. 
Adsorption rates were measured for five different resin size 
fractions <see section 3.4.2). Figures 4.6 and 4,7 are plots of 
the mass transfer rate constants for each resin size fraction 
against i) outside surface area and ii) the resin bead diameter 
to the power -1.66. Both are straight lines indicating that the 
adsorption rate is directly proportional to the resin surface 
area and the resin bead diameter to the power -1.66. 
These results tend to support the previous proposal that the 
initial adsorption rate. at low resin loadings, is film diffu-
sion controlled. This is further substantiated by the fact that 
the adsorption rate is directly proportional to the colloid 
concentration which is typical of a film diffusion controlled 
system. 
Figures 4.6 clouds this simplistic view as the graph does not 
pass through the origin, This anomaly probably arises from errors 
in the estimated resin surface areas (a systematic error of 0,015 





































































































































































































































































































































































































































The adsorption rate being proportional to surface area indicates 
that it would be advantageous to have resin beads with high 
surface area to volume ratios, ie small beads. 
diameter resin beads would lead to relatively 
rates and efficient use of the resin. 
4.4.3 Superficial fluid velocity in the resin bed 
The use of small 
high adsorption 
The adsorption rate versus flow rate data is plotted in Figure 
4.8. 
Simple diffusion models propose that the adsorption rate is 
inversely proportional to the boundary layer thickness. The above 
results contradict this as the dependence of adsorption rate on 
flow rate and therefore boundary layer thickness declines at high 
at high flow rates. 
The majority of authors referred to have assumed that the hydro-
dynamic boundary layer thickness is to proportional to u- 113 , 
and thus obtain the adsorption rate proportional to U1 ' 3 • 
Predicted rate constants using the this assumption are also 
plotted on Figure 4.8 for comparison. It is clear that this 
assumption results in gross underestimation of the effect of flow 
rate on adsorption rate, for this system. There are two factors 
which affect the "effective" thickness of the hydrodynamic boun-
dary layer and thus could explain this difference. 
4.4.3.1 Electrostatic sub-layer within the hydrodynamic 
boundary layer 
The electrostatic force field referred to in section 2.2 extends 
from the charged surface of the resin into the liquid. Thus an 
electrostatic sub-layer extends from the resin surface into the 
hydrodynamic boundary layer which surrounds the resin beads. As 
the movement of colloidal particles in this sub-layer is governed 
by electrostatic forces and consequently is very rapid, the 
distance across which a particle has to diffuse to reach the 










































































































































































































































































sub-layer, Adsorption rates are therefore often enhanced by 
charged collector surfaces, 
4,4,3,2 Roughness of exterior resin surface 
Amberlite IRA 938 resin, as discussed in section 1,2, is far from 
a smooth sphere. It is a highly macroporous resin, with pores 
ranging from 2,5 to over 25 microns in diameter and therefore has 
a very rough surface (see Photograph 1), 
Levich explains that surface roughness changes the nature of the 
flow past a surface and consequently changes the diffusional 
flux to that surface (51), This idea is supported by van Vliet 
and Weber (52), who studied activated carbons, Amberlite XAD 
resins etc, which are less rough than Amberlite IRA 938 resin, 
and found that adsorbent surface roughness or topography has a 
marked effect on external mass transfer efficiencies, 
Surface protrusions and depressions, result in local turbulence 
and eddies as show in Figure 4,9 (53), These effects are 
obviously strongly flow rate dependent, On the downstream side 
of a protrusion turbulence appears enhancing the mass transfer, 
whilst the upstream side is subject to laminar flow only, 
Figure 4,9 THE EFFECTS OF SURFACE ROUGHNESS ON FLOW, 
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Resin surface roughness therefore results in reduced hydrodynamic 
boundary layer thicknesses and consequently enhanced adsorption 
rates. 
The postulates of an inner electrostatic sub-layer and of the 
effect of surface roughness on the real or effective thickness of 
the hydrodynamic boundary layer seems to offer a plausible 
explanation for the observed rapid increase in adsorption rate 
with superficial fluid velocity in the resin bed at low flow 
rates, 
At high flow rates the hydrodynamic boundary layer is so 
reduced that the electrostatic forces act over most of 




boundary layer becomes less significant. Adsorption rate there-
fore becomes insenitive to further flow increases. 
Above a flow rate of about about 100 ml/min the adsorption rate 
approaches a maximum, which is thought to correspond to the 
surface reaction rate. 
4.4.4 Surface reaction 
In most chemical processes (eg. catalysis, chemisorption etc.) 
the surface reaction step is exceedingly fast and thus surface 
reaction control is rare. However, we are dealing here with 
physisorption which is a relatively slow process, Diffusion 
control of a colloid adsorption process therefore, can give way 
to surface reaction control when the hydrodynamic boundary layer 
surrounding the collector becomes very thin. 
The outer surface adsorption process is therefore controlled by 
two resistances in series. The first is the thickness of the 
diffusion boundary layer and the second is the surface reaction 
rate, At low flow rates film diffusion is adsorption rate con-
trolling and the particles arrive at the surface of the collector 
at a slower rate than they can be removed by physisorption, 
However as flow rate increases, the hydrodynamic boundary layer 
thickness decreases and a point arises where the rate of particle 
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arrival exceeds the rate of removal by physisorption. The con-
centration gradient across the diffusion film becomes flatter and 
the adsorption process becomes surface reaction rate controlled. 
The movement of a colloidal particle from the bulk suspension to 
the adsorbed state consists of the following steps: 
i) Diffusion, by a concentration gradient driving force, 
across the hydrodynamic boundary layer to the 
electrostatic sub-layer. 
ii) Exponential acceleration of the particle, across the 
electrostatic sub-layer, towards the resin surface under 
the influence of coloumbic and London - van der Waals 
forces. 
iii) Slowing of the particle, by hydrodynamic retardation as 
it approaches the resin surface. 
iv) Physisorption of the particle to the resin surface. 
An idealised velocity profile for a colloid particle crossing the 
various regions to reach a collecting surface in an adsorption 
process is shown in Figure 4.10. 
4.4.5 Adsorption rate expression 
The outer surface adsorption rate, assuming very low surface 
coverage, can still be modelled using first order kinetics, where 
the mass transfer rate constant now is made up of two terms. 
1 
-r = - kC a v a where C50 is a constant, and 
11 1 1-l 
k =LIZ/ krJ 
kf, the film mass transfer rate constant, is determined by the 
thickness of the diffusion boundary layer and kr, the reaction 
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4,4,6 Surface charge 
To investigate the effect of surface charge on adsorption rate, 















Amberlite IRA 938 were measured, The size and zeta 
of the colloids and their adsorption rates to 
IRA 938 resin are compared in Table 4,6, These 
rates, as with al l previous adsorption rates, were 
a pH of 7 +- 1. 5, 
Size Zeta potential Adsorption rate 
(microns) ( pH -7 +- 1. 5) (1/min) 
0,5 -35 to -39 mv 0, 105 
0,4 +15 to -23 mv 0 
o.s -33 to -40 mv 0,097 
The adsorption rates of various colloidal particles 
to Amberlite IRA 938 resin, 
The charge on the colloid particle determines whether adsorption 
wi 11 occur. Primal E1743 and silicon dioxide, having similar 
negative zeta potentials C-33 to -40 mv), adsorb to the posi-
tively charged resin at approximately the same rate. However 
titanium dioxide, the zeta potential of which varied from +lSmv 
to -23mv over the pH range used (7+-1,5), did not adsorb to 
Amberl ite IRA 938 resin, The pH was unfortunately not measured 
during the whole run but it is apparent that the pH of the 
colloidal titanium dioxide suspension must have been such that 
the particles had a positive charge and thus were repelled from 
the resin surface, 
In order to check this, firstly the charge on the resin and 
secondly the charge on the colloidal particle were varied. 
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4,4,6,1 Variation of resin surface charge 
The adsorption rate of Primal E1743 to strong anion resin 
Amberlite IRA 938, its unfunctionalised precursor bead and a 
strong cation resin prepared from the latter (Appendix 0) were 
measured at a pH of 7+-1,5, The results are presented in Table 
4,7, 
Resin Type 
















0, 105 0 
0 0 
0,051 0,026 
TABLE 4,7 The adsorption rates of the colloids of Table 4,6 to 
resins of varying surface charge. 
The results in Table 4,5 show that the negatively charged cation 
resin did not adsorb silicon dioxide, Primal E1743 or titanium 
dioxide at the pH of 7 +- 1,5, However at pH values below 5 
titanium dioxide particles did adsorb to the cation resin, 
Titanium has a positive surface charge below a pH of 6 which 
explains the above anomaly, Further it is interesting to note 
that all three particles adsorbed to the uncharged bead, 
Unfortunately the rate data for Amberlite IRA 938 resin cannot be 
directly compared with that for the cation and unfunctionalised 
forms as the latter resins were coated with what looked like a 
polymer layer (see Photographs 9&10) consequently the accessible 
surface area was reduced and the measured rates may therefore be 
expected to be lower. Howevert it does appear that the adsorp-
tion rates of silicon dioxide and Primal E1743 are higher on 
positively charged Amberlite IRA 938 resin than on uncharged 
resin, showing that the resin and colloid surface charge can 
have a major effect on adsorption rate. 
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Photograph 9 AN UNFUNCTIONALISED RESIN BEAD SHOWING 
ITS REDUCED SURFACE AREA ANO POROSITY DUE 
TO A POLYMER COATING. < x230) 
Photograph 10 A CLOSE UP PHOTOGRAPH OF A COATED RESIN 
BEAD SHOWING THE POLYMER LAYER BLOCKING 
SOME OF THE RESIN MACRO-PORES. PRIMAL 
E1743 SPHERES ARE ADSORBED TO BOTH THE 
RESIN AND POLYMER COATING. ( x400) 
- 85 -
4.4.6.2 Variation of colloid surface charge by pH variation 
In a further investigation the pH of the colloidal suspension and 
thus the charge on the particle (see Table 4.8) was varied. This 
resulted in unforseen problems as changing the pH of 
colloidal suspension affected the zeta potentials of both 
resin and the colloidal particles. 
Substance Zeta potential (mv) 
pH 4 pH 7 pH 10 
Amberlite IRA 938 +51 +77 +91 
Primal E1743 -29 -38 -41 
Silicon Dioxide -44 -38 -53 
Titanium Dioxide +42 -16 -28 
TABLE 4.8 The variation of zeta potential of the colloids 
and resin with pH. 
the 
the 
The results of the investigation in Table 4.9 nevertheless 
confirm the proposal that the surface charges of the resin and 
colloidal particles determine whether adsorption will occur. At 
pH 10 titanium dioxide particles have a negative surface charge 
and consequently adsorption to the positively charged resin 
surface takes place. However at a pH of 4 titanium dioxide has a 
positive zeta potential and is therefore ~epelled by the 
positively charged surface of the resin. 
Colloid Type Adsorption rate Cl/min) 
pH 4 +- 0.2 pH 7 +- 1.5 pH 10 +- 0,2 
Primal E1743 0 .100 o .10s 0.080 
Silicon Dixoide 0 0.097 0.068 
Titanium 
TABLE 4,9 
Dioxide 0 0 0.060 
Adsorption rates of colloids of varying surface 
charges as affected by pH variation, to Amberlite 
IRA 938 resin. 
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Table 4.9 shows that for Primal E1743 and silicon dioxide 
adsorption rate is greatest at neutral pH. A possible reason for 
the adsorption rate decreasing at low pH is that the resin had a 
low zeta potential. However the rate should have been enhanced 
at high pH because the zeta potential is greater and consequently 
the attractive forces between the resin and colloidal particles 
increased. This anomaly might be explained by the variation in 
the ionic strengh of the suspension with changes in pH. 
The effect of ionic strength on adsorption rate was therefore 
investigated, 
4.4.6.3 Electrolyte strength 
According to the Stern model (see Section 2,2) increased ionic 
strength of a solution shrinks the "diffuse layer" of ions 
surrounding the particle and thus allows particles to approach a 
surface more closely without the attractive or repulsive influ-
ence of coulombic forces. 
The adsorption rate of Primal E1743 to Amberlite IRA 938 resin 
was measured at various ionic strengths. The results are shown in 
Table 4.10 and plotted in Figure 4.11. 
NaCl added to Overall ion Adsorption 
di st i 1 l e d wa t er (ppm) concentration <M) rate (1/min) 
0 3.0 X 10-' 0. 113 
20 3.7 X 10- 4 0.091 
250 4.3 X 10- 3 0,087 
1000 1. 7 X 10- 2 0.085 
2500 4.3 X 1 o- 2 0,089 
3000 5, 1 X 1 o- 2 0,084 
TABLE 4,10 The effect of ionic strength on adsorption rate. 
There is a marked decrease in adsorption rate as ionic strength 

























































































































































































smaller effect on the rate of adsorption. This is explained in 
the following section. 
4,4,6.4 Interaction potential energy 
The explanation of the effect of ionic strength and pH on the 
adsorption requires calculation of the London - van der Waals 
and coulombic forces, at varing separation distances between the 
resin and colloidal particle, for the differing pH values and 
ionic strengths of the suspension. The theory related to London -
van der Waals and electrostatic forces is presented in section 
2,2 and the values of the net interaction potential energy were 
calculated using the procedure in Appendix D, 
Figure 4,12 shows the variation of the net interaction potential 
energy with ionic strength for the Amberlite IRA 938 resin 
Primal E1743 system. Increasing the concentration of the elec-
trolyte compresses the thickness of the "diffuse double layer" 
and decreases the magnitude of the attractive energy of inter-
action, This effect is most pronounced at low ionic strengths, 
At low ionic strengths the net attractive force between the 
colloid and the resin surface extends over relatively large 
distances and consequently enhances the diffusion rate of the 
particle to the resin surface. The attractive forces extend into 
the diffusion film surrounding the resin beads and reduce the 
effective thickness of this layer. The movement of colloidal 
particles in the zone of interaction forces is not governed by 
Brownian diffusion but by London - van der Waals and electro-
static forces, This explains the results shown in Figure 4,11; 
at low ionic strengths the coulombic attractive forces reduce the 
effective thickness of the diffusion film and the adsorption rate 
is enhanced, This effect rapidly decreased with increasing ionic 
strength and therefore the adsorption rate levelled off after a 
sodium chloride concentration of about Sx10- 3 M. 
The observed effect of a maximum adsorption rate at neutral pH 
(see Table 4.9) can be explained using interaction potential 

































































































































































































































































































































































































































































































































































































































































































































































































liquid is observed to fall from the initial value to a value 
approaching what can be regarded as an equilibrium value corres-
ponding to the conditions of the contact, 
Time (days) "Equilibrium" Resin loading 
Concentration (mg/1) (mg/g dry resin) 
0 322 0 
20 104 76,3 
40 44,3 97,2 
110 0,7 112 
TABLE 4,1 Adsorption isotherm results for sample No, 11 
Inspection of Figure 4,1 reveals that after 20 days the samples 
had not yet equilibrated, as the colloid loading on the resin 
was still increasing with time, This is shown by the movement of 
the adsorption isotherm from curve A (after a 20 day contact) to 
curve 8 (after a 90 day contact). 
Data in Table 4,1 indicates that the adsorption is irreversible 
and will continue until either of the two reacting species 
CAmberl ite IRA 938 resin or Primal E1743) is depleted, 
(Adsorption reversibility of Primal E1743, .3nd other colloids is 
further discussed in section 4,3,) 
4,2,1 Effect of surface coverage on adsorption rate interpreted 
by electronmicroscopy 
Electron micrographs of cross-sections through resin beads from 
sample 11, which had been contacted for 110 days, show that at 
least the outer 30 microns of the bead is fully covered (Photo-
graph 4), Photograph 3 shows that there is a concentration 
profile across the bead; the readily accessible outside surfaces 
are covered (See close up Photograph 4) with Primal E1743 spheres 
while SO microns (+- 1/10 of resin bead diameter and +- 100 
colloid sphere diameters) into the bead, 
c 1 ear. 
surfaces are completely 
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Photograph 2 A CROSS-SECTION THROUGH AN AMBERLITE IRA 938 
RESIN BEAD, WHICH HAS BEEN CONTACTED WITH A 
PRIMAL E1743 SUSPENSION FOR 110 DAYS. THE 
EDGE OF THE RESIN IS COVERED WITH WHITE PRIMAL 
E 1743 SPHERES. ( x 400) 
Photograph 3 A CLOSE UP OF THE AREA SHOWN I N THE ABOV~ 
PHOTOGRAPH. NOTE THE STEEP CONCENTRATION 
GRADIENT OF THE ADSORBED PRIMAL E1743 SPHERES, 
GOl r,.JG Eeo LEFT 10 GHT. x 300) 
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Photograph 4 A CLOSE UP OF THE OUTER EDGE OF THE RESIN 
BEAD. THE READILY AVAILABLE OUTSIDE AREA IS 
COVERED BY A MONOLAYER OF PRIMAL E1743 SPHERES. 




The question that arises from the above is: why is the adsorption 
rate so slow if only a small fraction of the total area has been 
covered? 
It is apparent that there is a large percentage of the total area 
that is not readily available for adsorption and is accessible 
only via the slow process of pore diffusion. 
Table 4.2 shows that adsorption rate is strongly dependent on 
resin surface coverage, a 3.4 % decrease in surface area at 
low resin surface coverages resulted in a five fold decrease in 
the average adsorption rate. Clearly therefore adsorption to the 
ovter surfaces of the resin (bottle 2) is faster than adsorption 
to the inner surfaces of the resin (bottle 8). Thus the outer 
surfaces of the resin have a higher availability than the inner 
surfaces of the resin. 
Bottle Resin Surface Contact Suspension Average 
No. loading coverage time concentration adsorption 
time 0 (%) (days) (mg/1) rate 
(mg/g) start end (mg/day) 
2 0 0 20 70 0 1 • 1 
8 71 3.4 70 63 15 0.2 
TABLE 4.2 Comparison of average adsorption rates at two 
different resin loadings/surface coverages. 
The rate of adsorption therefore, is relatively fast until the 
outer surface of the resin is covered. It then decreases rapidly 
as the colloid has to penetrate further into the resin bead to 
"find" an available adsorption site. In a classical case the 
rapid slowing of the adsorption rate, as the surface reaction 
sites are utilised, yields information pertaining to the rate of 
film diffusion across the diffusion boundary layer and to the 
mechanisms and rate of pore diffusion, 
In order to elucidate the importance of surface coverage and 
mechanisms of adsorption a 7 day run on the batch apparatus was 
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undertaken. 
4.2.2 Investigation of effects of surface coverage using the 
Batch apparatus 
In this investigation the rate of adsorption of model colloid, 
Primal E1743, to a one gram sample of resin, was monitored with 
increasing resin colloid loading but constant liquid phase con-
centration. Results are in Table 4.3. The flow of suspension 
through the resin bed and constant liquid phase concentration 
resulted in any given resin loading in Table 4.3 being attained 
in a shorter contact time than with the bottle point data pre-
sented in Table 4.2. 
Time Rate Constant Resin Loading Surface Coverage 
(day) (1/min) (mg/g)* (%) 
0 0.0164 0 0 
0.28 0.0066 25 1.2 
o.56 0.0034 37 1 • 8 
1.25 0.0016 55 2.7 
2 .15 0.0010 67 3.2 
3. 12 0.0009 73 3.5 
TABLE 4.3 The variation of adsorption rate with resin 
loading. * (mg colloid/gram dry resin) 
Looking at Table 4.3, it is evident that the adsorption rate 
decreases rapidly with resin loading. A value for surface 
coverage based on the manufacturers data is presented in the 
table. At low resin loadings, very small changes in the resin 
surface coverage are accompanied by large reductions in the 
adsorption rate. The expected first order relationship between 
surface coverage and adsorption rate is on indicated in this 
data.· 
Because adsorption rate is dependent on available resin surface 
area and only the outer shell of+- 50 microns is an active ar~a. 
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effective outer and inner resin surface areas were calculated. 
The total surface area of the resin, given by the manufacturer, 
is approximately 7,3 m2 /g of dry resin. Outside surface areas 
for various resin particle sizes have been calculated inAppendix 
812-814. For the resin size fraction 425-600 microns, assuming 
the resin beads are perfect spheres, the value is 0.0455 m2 /g. 
Amberlite IRA 938 resin beads however are far from perfect 
spheres and are made up of myriads of microspheres as shown in 
electronmicroscope Photograph 1, The outer surface area of 
Amberlite IRA 938 resin beads is therefore greater than that of 
perfect spheres, An adjusted value for the outside surface area 
should therefore be calculated. The adsorption rate of Primal 
E1743 to Amberlite IRA 938 resin was therefore compared with the 
adsorption rate to a similar resin with a structure such that 
adsorption is an outside surface phenomenon only. Amberlite IRA 
904 resin was used as it is identical to Amberlite IRA 938 resin 
except that its pores are much smaller so that the Primal E1743 
spheres cannot penetrate the bead (see Photographs 5&6 and 
Table 1.1), 
The two adsorption rates were compared and the adjusted outside 
surface area for Amberlite IRA 938 was calculated as follows: 
Area of resin= 
Adsorption rate for Amberlite IRA 938 
x surface area of 
lg of perfect 
spheres 
Adsorption rate for Amberlite IRA 904 
< 0. 0455 m2 / g) 
= 0. 2 m2 
Thus the two effective surface areas are, 
outside surface area = 0,2 rn2 / g 
inner surface area = 7. 1 II 
total surface area = 7,3 II 
The variation of adsorption rate with this modified outside 
surface coverage is presented in Table 4,4, 
' / 
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Photograph 5 A PIECE OF AMBERLITE IRA 938 RESIN RESTING 
ON THE SURFACE OF AN AMBERLITE IRA 904 RESIN 
BEAD. THE RELATIVE SIZES OF THE TWO RESINS 
MICROSPHERES IS WELL ILLUSTRATED. < x 1 300) 
Photograph 6 PRIMAL E1743 SPHERES ADSORBED TO AMBERLITE 
IRA 938 RESIN SHOWING, THE RELATIVE SIZES 
OF THE RESIN MICROSPHERES AND PRIMAL E1743 
S ERES • C x 1 500) 
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Time Rate Constant Resin Loading Outside Surface 
(days) (1/min) Cmg/g)* Coverage (%) 
0 0.0164 0 0 
0.28 0.0066 25 44.3 
o.56 0.0034 37 66.4 
1. 25 0.0016 55 97.8 
2.15 0,0010 67 100.0 
3. 12 0.0009 73 100.0 
TABLE 4,4 The variation of adsorption rate with resin 
outside surface area. 
* (mg colloid/gram dry resin) 
4,2.3 Rate expressions based on% modified outside surface 
coverage 
The adsorption rates at low resin loadings show a first order 
dependence on the available outside surface area. This indicates 
that when the adsorption rate is film diffusion controlled, the 
rate equation could be given by, 
where ca is the colloid concentration, 
C50 is the available outside 
surface area of the resin, and 
k is the mass transfer reaction 
rate constant. 
This is a typical equation for a second order irreversible 
process. A simplification of this model is used to interpret the 
data from kinetic studies, as described in section 3,3.3.2. 
Whereas the above exterior surface coverage is a useful concept 
at low resin loadings, the slowing of the adsorption rate with 
increasing loading can best be explained by the shifting of the 
rate controlling step in the adsorption sequence, At low load-
ings the adsorption rate is controlled by the diffusion through 
the hydrodynamic boundary layer around the resin bead, however as 
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the outer surface of the resin becomes covered the adsorption 
becomes increasingly pore diffusion controlled. 
The above situation, of shifting rate controlling steps and 
decreasing rates due to particles having to diffuse further into 
t he r e s i n bead , i s an a 1 ago us t o t he "Sh r i n k i n g core mode 1 " used t o 
explain certain solid catalysed reactions. 
4.2.4 Shrinking core model 
In this model the reaction occurs first at the outer skin of the 
particle. The zone of reaction then moves into the solid, and 
leaves behind completely converted material, an inert solid. Thus 
at any time there exists an unreacted core of material which 
shrinks in size during reaction as shown in Figure 4.2. Film 
diffusion gives way to pore diffusion, as the rate controlling 
step, when the reaction zone moves from the outer surface skin 
to the interior of the particle. 
4.2.S Colloid transport within the adsorbent 
The question as to why the adsorption is such a slow process, may 
now be rephrased to read: why is penetration of the colloidal 
particles into the bead so slow? 
There are two possible mechanisms for particle diffusion along a 
pore, Both these transport mechanisms are slow processes. The 
first is bulk diffusion in the macropores (called Knudsen 
diffusion for gaseous systems). In the Amberlite IRA 938 resin -
Primal E1743 system the particles being adsorbed are so large 
that their diffusion coefficients are at least 1000 times lower 
than those of small ions, thus their diffusion rate is exceed-
ingly slow. 
The second transport process of diffusion along the surface or 
pore wa 1 1 s may be more rapid than Knudsen diffusion (both 
transport processes may occur simultaneously). In a simplistic 
sense, an adsorbed particle is said to II hop II along the pore 
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surface when it attains sufficient activation energy and when an 
adjacent adsorption site is available (25). 
4.2.6 Rate expressions based on% interior and modified exterior 
surface coverages 
From the above it is clear that there are two distinct transport 
steps; transport to the resin outer surface (film diffusion) and 
transport within the resin bead (pore diffusion), therefore an 
adsorption rate expression should contain two terms; a term 
including the modified outside surface area of the resin and a 
term including the interior surface area of the resin. The rate 
expression could therefore be of the form, 
where kl is the outside surface mass 
transfer rate constant, 
k2 is the interior surface mass 
transfer rate constant, and 
Cso interior surface area of 
the resin. 
The above expression is based on simplistic assumptions and as 
such ignores the following factors: 
i) When the adsorption process is pore diffusion controlled, 
adsorption rate decreases with increasing resin coverage 
as the particles have to penetrate further into the resin 
bead to "find" an adsorption site. The "Shrinking core 
model" discussed in section 4.2.4 proposes that for a 
given size of unreacted core the adsorption rate is 
constant; however as the core shrinks the reacted (inert) 
layer becomes thicker, lowering the rate of diffusion of 
solute. Thus the adsorption rate should be directly 
proportional to c}- i)-1 where R is the radius of the 
particle and r is the radius of the unreacted core, 
ii) Adsorption rate is thought to be insensitive to solute 
concentration when pore diffusion is adsorption rate con-
trolling (50), Thus the colloid concentration ca in the 
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interior surface reaction term should perhaps be raised 
to a power less than one, ie c~ where n<l, 
Although the above is a simple rate expression it covers a wide 
range of adsorption situations and therefore can be very useful, 
For example at low resin loadings the term incorporating k
2 
may be 
assumed zero (k2 << k 1 ) and the expression reverts two the second 
order irreversible adsorption expression based on percentage 
modified outside surface coverage, A further simplifying assump-
tion, of minimal change in the modified outside surface coverage 
during adsorption, reduces the equation further to the typical 
first order (first order with respect to colloid concentration) 
adsorption equations found in the literature (27,34) and used in 
data interpretation in this work, 
4,3 RESIN REGENERATION AND ADSORPTION REVERSIBILITY 
Removal of the colloidal particles from the resin is of the 
utmost importance as regeneration/cleaning and re-use of the 
resin is essential if this adsorption process is to be useful in 
purifying water, 
4,3,1 Desorption in hot water 
This was tried first because the capacity of an adsorbent for a 
dissolved species is usually adversely affected by increasing 
temperature, and often an increase in temperature of 15to 25°C is 
sufficient to halve the capacity of the adsorbent. The regener-
ation/cleaning technique attempted therefore consisted of passing 
hot water through a bed of resin loaded with 25 mg/g of Primal 
E1743, The result however was negative, Even at a temperature of 
50°C, 15°C above the resin manufacturers suggested maximum 
operating temperature for the resin, there was no significant 
release of the colloid. 
Attempts at higher temperature regeneration were abandoned as the 
high temperatures cracked the flow cell used in the spectophoto-
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meter and were expected to have minimal effect on the release of 
colloid from resin. 
4.3.2 Chemical regeneration/cleaning 
The use of both 1N sodium hydroxide and ethanol proved ineffect-
ual, as negligible quantities of Primal E1743 were removed from 
the resin. 
The harsh regeneration conditions of hot hydrochloric acid foll-
owed by hot sodium hydroxide, recommended by Rohm and Haas for 
extreme regeneration problems, were more successful. Data may be 
found in Figure 4.3. After twenty hours of pumping 1N sodium 
hydroxide at 50°C through the resin bed, the regeneration was 35% 
complete. <Note that it took about 7 hours to load this resin to 
25mg/g see Table 4.3). 
Regeneration using this technique is exceedingly slow and the 
regeneration rate decreases as the resin loading decreases, Thus 
the time and the harsh chemical conditions required make this 
resin regeneration/cleaning technique unacceptable. 
The partial success of this regeneration/cleaning method is 
thought to arise from the combined effects of the increased 
temperature of the regenerant chemicals and the changes in zeta 
potentials of the resin and colloidal particles. The increased 
ionic strength and change in the pH of the solution surrounding 
the resin affects the surface charges of the resin and colloidal 
particles and thus can drastically change the strength of the 
adsorptive forces (see Section 4.4.5 for discussion of the 
effects of pH and ionic strength on the adsorptive forces). The 
increased temperature of the regenerant solution, increases the 
"random bombardment" of the adsorbed particles by the molecules 
in the solution and thus increases the probability of a particle 
being dislodged from the resin surface. (Note that without the 
effect of chemicals on the adsorptive forces the increased temp-
erature was ineffective.) 
Having attempted all the conventional regeneration/cleaning tech-
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niques it was decided that the adsorption of Primal E1743 to the 
resin for all practical purposes can be assumed irreversible. 
This was in direct contrast to the natural colloids adsorbed 
from seawater samples which were successfully removed from the 
resin by rinsing the resin with sodium hydroxide. 
Electron micrographs of resin loaded with seawater colloids and 
subsequently regenerated resin (see Photographs 7&8) show that 
the resin can be completely regenerated/cleaned using 0.1N sodium 
hydroxide. 
Thus it can be concluded that Primal E1743 from the point of view 
of the strength of the adsorbtive forces and therefore ease of 
regeneration of the resin is not a good model for natural 
colloids in this system. However it remains a good colloidal 
material to use for kinetic and other studies of the character-
istics of resin colloidal particle adsorption systems and 
possibly for studying resin bead structures. 
4.3.3 Ultrasonic regeneration/cleaning 
At this stage a different approach to the resin regeneration 
/cleaning problem was adopted. It was reasoned,that if a particle 
was able to diffuse along the surface of the resin by "hopping" 
to an available adsorption site, should it attain sufficient 
energy, then should it acquire enough energy, it would "hop" 
continuously and not re-adsorb to the resin surface. This idea 
was followed through and the necessary energy was applied using 
an ultra-sonic bath (see section 3.3.4 for experimental methods), 
This technique proved to be highly successful but detrimental to 
the resin structure. Initial studies, using a small "Son-
Blaster" ultrasonic bath (65 watt), showed that there was a rapid 
breakdown of i~e resin structure, with all the weak extremities 
of the resin being sheared off by the vibration. However, after a 
period of 5 to 6 hours, a stable core of resin remained which 
seemed impervious to further breakdown by the ultrasonic waves, 





















































































































































































by Rohm and Haas, Amberlite IRA 938 resin has been used for the 
removal of both organic and inorganic colloidal matter from 
liquid streams (13), 
A brief summary of the important properties of Amberlite IRA 938 




Pore diameter range 
Surface area 
Anion exchange capacity 
light yellow 
-N-(CH)J 
72 - 78~~ 
25 000 - 250 000 A· 
7. 3 m2 / 9 
3,8 meq/g (chloride form) 
* This is the pore diameter size range given by Rohm and Haas 
in reference 14, Other references (13, 47) give slightly 
different pore size ranges, 
3,2,3 Other colloidal materials 
Colloidal titanium dioxide and silicon dioxide were also used, 
as they had different zeta potentials and col1oid31 silica was 
available in a number of particle sizes, 
Colloidal titanium dioxide, a sample of which was obtained from 




Zeta potential (pH 7) 
Ti 02 > 99. S~~ 
0,4 microns• 
4. 1 7 C SG) 
-16mv (measured value) 
* This is an average particle size, However more than 99% of the 
particles are believed to be less than 1 micron in size. 
The colloidal silicon dioxide was a Samancor product named 




Zeta potential (pH 7) 
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Si02 > 92.0% 
95% < 40 microns 
87% < 10 
75% < 3 
10.s% < 1.s 
2.6 <SG) 
-38mv (measured value) 
The colloidal silicon dioxide was separated into five size 
fractions <see section 3.4.1) using a Beckmann TG 6 centrifuge. 
The particle size of of each size fraction was checked on a 
Coulter Counter (Model TA II with population accessory) with a 30 
micron orifice tube. 
A four week period was devoted to measuring colloidal particle 
sizes on this instrument. This work showed that this particle 
sizing technique is useful down to a particle size of about O.S 
microns, below this particle size background noise becomes signi-
ficant and this results in erroneous particle size distribution 
data. The electronmicroscope was therefore used to size smaller 
particles. 
3.2.4 Other resins 
The unfunctionalised precursor of Amberlite IRA 938 resin 
(supplied by Rohm and Haas on request) and a cation form pre-
pared from the latter were used. 
The cation resin was prepared using the procedure in Appendix o. 
The unfunctionalised resin beads and cation resin have the same 
specifications as Amberlite IRA 938 resin, except for the 
following specifications: 
Unfunct ional ised resin 
Appearance 
F u r1 c t i o n a l g r o u p 






Appearance light brown 
Functional group -SOJ 
Cation exchange capacity 0,30 meq/g (hydrogen form) 
3,3 EXPERIMENTAL PROCEDURES AND APPARATUS 
3,3,1 Resin Preparation 
3,3,1,1 Screening 
Resin kinetics are usually sensitive to resin bead size and thus 
in order to obtain comparable kinetic results the resins were wet 
screened into the following size fractions: 
1000 850 microns 
850 - 600 
600 - 425 
425 - 300 
300 - 150 
In all experiments except the experiments investigating the 
effects of resin bead size, the 600 - 425 micron size fraction 
was used, 
The resin was soaked in distilled water for 24 hours ( t 0 ensure 
that it was f u l 1 y water-swollen), A 500 ml sample was then 
placed in the Endecotts test sieve shaker and sieved for one 
hour, The resin retained on each sieve was then saved, 
3,3,1,2 Resin sample preparation and loading 
The resin was then dried at 100°C for 24 hours, before being 
weighed out into 1 gram samples which were put into sealed sample 
bottles containing distilled water, 
When the resin sample was required it was loaded into the 
required ionic form by a series of four 100 ml batcn contacts 
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with approximately lN solutions of the required chemical, The 
resin was then put into a column and rinsed with 500 bed volumes 
of distilled water, followed by 250 bed volumes of the solution 
to be used in the experiment, 
The ionic form in which the resin was used depended upon the pH 
at which the experiment was to be run, At a pH of 4 +- 0,2 the 
resin was used in the chloride form, For experiments carried out 
at pH values of 7 +- 1,5 and 10 +- 0,2 the resin was used in the 
hydroxide forms, 
It was found that the use of the hydroxide form at neutral and 
high pH values resulted in smaller variations in the total ionic 
strength of the suspension than the chloride form, The use of 
the hydroxide form for experiments carried out at neutral pH, did 
not cause significant increases in the pH of the suspension as 
the solutions contained very low concentrations of exchangable 
anions (distilled water). It was considered acceptable if the pH 
varied by +- 1,5 pH units for experiments carried out at the 
stated pH of 7, 
3,3,2 Adsorption Isotherms 
One gram resin samples were placed into bottles containing 300 ml 
of distilled water, Varying amounts of the model colloid (Primal 
E1743) were then added to each bottle, The range of concentra-
tions prepared were 35 to 350 mg/1. The bottles were sealed and 
placed on a tumbler wheel which was rotated at 6 rpm so that the 
resin continuously fell through the colloidal suspension. 
The concentration of the colloidal suspension in each bottle was 
checked after 20, 40 and 70 days using a Varian Superscan UV/VIS 
spectrophotometer, The spectrophotometer was calibrated at a 
wavelength of 380nm using known concentrations of the colloid 
suspension. 
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3.3.3 Batch Studies 
3.3.3.1 Apparatus 
Most of the experiments in this work were performed using a batch 
system, a recycle reactor system with an infinite recycle ratio. 
The system consisted of the following apparatus: 
Variable speed Watson-Marlow peristaltic pump 
Varian Superscan UV/VIS Spectrophotometer with chart 
recorder and flow cell 
1 litre glass reservoir and stirrer 
Resin column (reactor) 
Temperature controlled water bath 
Interconnecting silicon rubber tubing 
1 Gram resin samples were loaded into the resin column <19 mm in 
diameter, 30 mm in length). The colloid suspension was pumped 
from the stirred reservoir through the resin column, through the 
spectrophotometer, which monitored the colloidal particle 
concentration, back to the reservoir. The spectrophotometer was 
set to record the change in absorbance, (at wavelength 380nm) of 
the colloid suspension passing through the flow cell (path length 
4 cm), with time. The temperature controlled water bath was used 
to control the temperature of the colloidal suspension in the 
reservoir while the stirrer kept its composition uniform. 
3.3,3.2 Method of interpretation of batch data 
The rate of particle adsorption in a packed bed can be modelled 
using first order kinetics, provided there is minimal change in 
the available collection surface area during measurement of the 
rate (discussed in sections 2.s and 4.2.2). The rate equation is 
given by: 
k - incorporates the 
suspension volume and 
collector surface area. 
The measured adsorption rates using the batch system were found 
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to foll ow this classical first order model (see figure 3, 1). 
The mass transfer rate constant, k, could therefore be used to 
quantitfy adsorption rates, Separating and integrating the above 
expression yields: 
C dCa t 
- f ~ = k f dt 
Co Ca o 
Thus the slope of a -ln(C/Co) vs t plot gives the value of the mass 
transfer rate constant, k, 
3,3,4 Resin regeneration and adsorption reversibility_ 
The regeneration studies were undertaken using the batch system, 
One gram resin samples each loaded with between 25 and 45 mg of 
model coll aid (Primal El 743), were used in the three different 
regeneration techniques studied, 
3,3,4,1 Hot water 
The first technique tried was desorption in hot water as the 
capacity of an adsorbent for a dissolved species is usually 
adversely affected by increasing temperature, 
This involved cycling 200 ml of water at 35 and subsequently 50°C 
through the loaded resin bed, at a flow rate of approximately 45 
ml/min and monitoring the increase in the colloid concentration 
with time, 
3,3,4,2 Chemical regeneration 
The second technique was chemical regeneration, Changing the 
ionic strength and pH of the suspension affects the adsorptive 




















































































































































































The procedure was the same as for the hot water desorption, 
except that regenerant chemical replaced the hot water. 
The three sets of regenerating chemicals tried were: 
i) lNNaOHat 35°C 
ii) Ethanol at 20°C 
iii) lN HCl at S0°C for five minutes followed by 
lN NaOH at S0°C 
Regeneration at low ionic strength was not tried as Amberlite IRA 
938 resin and model colloid (Primal E1743) have opposite charges 
and thus high ionic strength reduces the attractive coulombic 
forces betweem them. However, regeneration at low ionic strength 
may be advantageous if the particles and collector have similar 
charges. 
3.3.4.3 Ultrasonic cleaning 
The third regeneration method studied was ultrasonic cleaning of 
the resin. This method involved bombarding the resin and colloids 
with high frequency sound and thus the colloids were vibrated off 
the resin surface. 
This technique involved a slight modification of the batch system 
described in section 3.3.3; the resin column was submerged in a 
temperature controlled 960 watt 'Branson' ultrasonic bath which 
operated at a frequency of 40 kHz. 
Distilled water was pumped through the resin bed and the 
colloidal particle concentration in the effluent water was 
recorded using the spectrophotometer. 
3.4 PARAMETERS AFFECTING THE KINETICS OF COLLOID PARTICLE 
ADSORPTION 
3.4.1 Colloidal Particle Size 
The effect of particle size on adsorption rate is of great 
significance, as it may determine the transport mechanism by 
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which a particle is brought to the collector surface. 
Typically particles larger than about 1 micron are transported to 
the collector surface by settling and interception while smaller 
particles are transported by Brownian diffusion (26). 






size on adsorption rate was silicon dioxide 
Primal E1743 was not available in different 
The rate of adsorption of five different size colloidal silicon 
dioxide particles (0.012, o.s, 1.2, 4.0, 8.0 microns) to 
Amberlite IRA 938 resin was measured. 
These experiments were carried out using a modified batch system. 
Colloidal silicon dioxide does not show sufficient absorbance on 
the spectrophotometer and therefore the more sensitive Hach 
Turbidimeter 2100 had to be used. 
Discrete samples were taken from the system, their concentration 
measured on the turbidimeter and returned to the reservoir. 
Samples were taken every 1 to 2 minutes. 
To prevent filtration effects of the larger particles in the 
resin bed, a fluidised bed system with a flow rate of 
approximately 22ml/min was used. 
The suspensions of silicon dioxide were made up using 0,22 micron 
filtered distilled water. Typically the filtered distilled water 
had a turbidity of 0.005 NTU while the silicon dioxide suspension 
had a turbidity of approximately 0.12 NTU. The turbidimeter is 
very sensitive to particulate contamination and therefore the 
system was flushed with 2 litres of filtered distilled water (the 
resin bed included), prior to the circulation of the suspension 
through the system, by-passing the resin bed, to allow the 
colloid concentration to stabilise. 
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3.4.2 Resin Bead Size 
The effect of resin bead size on adsorption rate can help 
identify the rate determining step in the adsorption process. 
Typically for film diffusion control (49): 
adsorption rate cr (resin bead diameter)c-t · 5 
while for pore or particle diffusion control; 
adsorption rate cr (resin bead diameter)<- 2 - 0 > 
t o - 2 • 0 ) 
The adsorption rates of Primal E1743 to five different resin size 
fractions were measured. 
In each size fraction 1 gram resin samples were loaded into the 
resin column and the colloid suspension was pumped through the 
resin bed as described in section 3.3.3. 
The colloid suspension was pumped through the system at approx-
imately 45 ml/min (6.4 BV/min). Prior to the initiation of the 
experiment, the colloid suspension was pumped through the system, 
by-passing the resin column, for 5 minutes to allow the concen-
tration of the suspension to become uniform throughout the system. 
The experiment was then started and the chart recorder monitored 
the change in absorbance with time (chart recorder was usually 
set to record for 100 minutes). 
3.4.3 Resin surface coverage 
The effect of surface coverage on adsorption rate can provide 
useful information on the rate of film and rate and mechanisms of 
pore diffusion. 
The surface coverage investigation was accomplished using a 
prolonged batch study (7 days), using the batch system, 
500 ml of Primal E1743 suspension was cycled through the system 
at approximately 45 ml/min, The rate of adsorption was measured 
after O, 25, 37, 55, 67 and 73 mg of colloid had been adsorbed to 
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the resin. The rates of adsorption were measured over short 
periods (25, 35, 70, 100, 200 and 200 minutes respectively) so 
that there was minimal change in the available surface area 
during measurement of the adsorption rate. 
The concentration of the colloid suspension was kept close to 
20mg/l by the injection of Primal E1743 into the reservoir when 
the concentration fell below 10 mg/1. 
3.4.4 Superficial fluid velocity in the resin bed. 
Adsorption to the outer surface of the resin is thought to be 
film diffusion controlled and thus dependent on the thickness of 
the hydrodynamic boundary layer. As the hydrodynamic boundary 
layer is determined by the superficial fluid velocity in the 
resin bed, it was decided to vary the flow rate of colloid 
suspension through the resin bed and measure the resulting 
adsorption rates. 
The experiments were carried out using the batch apparatus and 
the range of flow rates used were 45 to 135 ml/min (6.4 to 19.3 
BV/min). 
The remainder of the experimental procedure is identical to that 
outlined in section 3.4.2. 
3,4.5 Resin charge 
Adsorption of colloidal particles to resin can 
retarded or prevented by the surface charge of the 
be enhanced, 
resin. Like 
charges prevent adsorption while opposite charges can enhance 
adsorption rates to the resin, 
The effect of resin charge on colloidal particle adsorption to 
resin was studied using strong anion Amberlite IRA 938 resin, its 
unfunctionalised precursor and a strong cation resin prepared 
from the latter (for method of preparation see Appendix 0). 
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The anion resin (Amberlite IRA 938) was used in the hydroxide 
form and the cation resin in the hydrogen form, The colloid 
suspension was cycled through the batch system at a flow rate of 
70 ml/min, 
3,4,6 Charge on colloidal particles 
The charge on colloidal particles as with resin surface charge 
can affect the adsorption rate of the colloid to the resin, 
To investigate the effect of colloid surface charge on adsorption 
rate, adsorption rates for three colloidal particles (silicon 
dioxide, titanium dioxide and Primal E1743) having different zeta 
potentials, to Amberlite IRA 938 resin were measured, 
Adsorption rates of the Primal E1743 and the titanium dioxide to 
the resin were measured using the batch system, Adsorption rates 
of silicon dioxide to the resin were measured using the modified 
batch system described in section 3,4,1, 
The experimental procedure used for the titanium dioxide was the 
same as that outlined in section 3,4,2, except that the titanium 
dioxide particles were prevented from flocculating by placing the 
reservoir in the Branson ultrasonic bath, 
These experiments were undertaken at a flow rate of 70ml/min, 
3,4,7 Suspension pH 
Suspension pH affects the zeta potentials of both the colloidal 
particles and resin and thus can have a marked effect on 
colloidal particle adsorption rates to the resin, 
The effect of pH on the kinetics of adsorption of colloidal 
particles to the resin was studied using the batch system, 
The rate of adsorption of the colloidal particle to the resin was 
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studied at three pH values 4 +- 0,2, 7 +- 1,5 and 10 +- 0,2, The 
pH of the colloidal suspension was adjusted using dilute NaOH and 
HCl. The resin was used in both of its ionic forms; the chloride 
form at pH 4 and the hydroxide form at pH 7 and 10 (see section 
3,3, 1,2), 
The experimental procedure used in this investigation was the 
same as that described in section 3,4,2, except that the colloid 
suspension was cycled through the system at a flow rate of 
70ml/min (10,0 BV/min), 
3,4,8 Ionic strength of the suspension 
The ionic strength of a suspension affects the distance over 
which coulombic forces are effective, thus ionic strength can 
have a marked effect on adsorption rate, 
The effect of ionic strength on adsorption rate was carried out 
using the batch system, 
The ionic strength of the suspension was adjusted using NaCl. The 
six ionic strengths used were - 0, 20, 250, 1000, 2500 and 3000 
mg/1 NaCl. The resin was used in the chloride form and the 
suspension was cycled through the systen at 70 ml/min. 
3,4,9 Combined effect of certain parameters 
After the initial investigations the combined effect of a number 
of parameters was studied, 
i) The ability of the cationic and unfunctionalised resin 
to adsorb each of the three colloidal particles 
(Primal E1743, titanium dioxide and silica dioxide) was 
studied, The experimental procedure and apparatus used 
can be found in sections 3,4,5 and 3,4,6, 
ii) The ability of the anion resin to adsorb each of the 
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colloidal particles at the three pH values of 4t 7 and 
10 was studied. The experimental procedure is located 























































































































































































































































































































RESULTS AND DISCUSSION 
4,1 INTRODUCTION 
The suitability of a solid sorbent for treating a liquid feed 
depends largely on two factors: 
i) The useful capacity of the sorbent for the solute 
(capacity used under process conditions), which is 
usually less than the ultimate capacity. 
ii) The adsorption/desorption rates, and the mechanisms 
and resistances controlling these rates. 
Thus the main areas of investigation to be discussed are: 
i) Equilibrium resin capacity. 
ii) Kinetics and mechanisms of adsorption. 
iii) Resin regeneration and adsorption reversibility. 
iv) Systematic study of important parameters in order to 
elucidate the driving forces of particulate adsorption 
to resin, 
a) Colloidal particle size, 
b) Resin bead size. 
c) Superficial fluid velocity in the resin bed, 
d) Adsorbent and colloid surface charge. 
v) Qualitative and Numerical models developed for the system. 
4,2 RESIN CAPACITY 
Adsorption isotherms measured for the Amberlite IRA 938 - Primal 
E1743 system studied are presented in Figure 4,1. Detailed 
results for one of the point determinations (bottle 11, the con-
centration of which was monitored over a longer period than the 
other point determinations), are in Table 4,1, 
In these experiments colloidal particle concentration in the 
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coagulated and aggregated) but can be removed by adsorptive 
filtration. 
In adsorptive filtration particles are transported to and held to 
the filter media surface by attractive forces, London - van der 
Waals and electrostatic forces are the major factors which 
determine whether or not particles adhere to the surfaces of a 
filter (5,9,10), 
London - van der Waals forces are attractive irrespective of the 
nature of the surface or particle, Electrical double layer forces 
are attractive if the surfaces have opposite charges and 
sive if the surfaces have the same charge, The degree to 
the surface forces influence filtration has been found 




For high efficiency, an adsorptive filter must also have a high 
internal surface area so that there is a very low probability 
that any particle will pass through the filter without contacting 
or being attracted to a surface to which it can adhere, In 
contrast, 
dominated 
the design of surface and depth straining filters is 
by the need for interstices which are smaller than the 
particles to be removed, 
From the above it is clear that the efficiency of an adsorptive 
filter is dependent on two criteria: 
i) The strength of the forces between the colloidal matter 
and filter media surface, 
ii) The available filter surface area, 
The available surface may include a significant amount of 
internal surface of a porous particle depending on the rate of 
diffusion of the colloids into these pores, 
The use of a synthetic adsorbent, such as a highly porous ion-
exchange resin, would be advantageous as it wou1d permit 
variation and selection of the adsorbent surface charge, pore 
size distribution and surface area (Figure 1,ld), Thus the 
properties of the particular colloid or suspension to be treated 
could be accommodated, 
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There is at present only limited application of ion-exchange 
resins as adsorbents for the removal of particulate material from 
liquid streams, One reason may be that little is known or 
published about the migration of colloidal particles into the 
interior of highly porous solids, Most published work has dealt 
with impervious solid filter media such as sand, steel etc, 
1,2 ADSORPTIVE FILTRATION USING ION-EXCHANGE RESINS 
Removal of particulates from liquids by ion-exchange resins only 
became practical in the mid 1960's with the development of highly 
macroporous ion exchange resins by Rohm & Haas (12), Ion-exchange 
resins available prior to this date were of the gel-type. Al-
though gel-type ion-exchange resins are capable of adsorbing 
colloids on their surfaces, their effective surface area in the 
typical resin particle size range (0,3 to 1,2 mm) is quite small: 
less than 0,1 m2 /g, hence their capacity for adsorbing viruses, 
proteins, bacteria and other colloids present in water is limited 
< 13) , 
In contrast, the highly macroreticular resins Amberlite IRA 938 
and Amberlite IRA 904 have high surface areas and porosities as 
shown in Table 1,1 (13, 14) and electron micrograph 1, 
Resin name and type 
Amberlite IRA 400 gel 
Surface area 
m2 / g (dry) 
<O, 1 
Pore size Moisture 
range A content% 
None 45 
Amberlite IRA 900 macroreticular 18,0 140 - 220 60 
Amberlite IRA 904 macroreticular 46,9 210 - 1200 57 
Amberlite IRA 938 highly porous 7,3 25000 - 250000 73 
TABLE 1, 1 Comparison of porosity and surface area data for 
highly porous and 
The resin surface areas in 
adsorption, thus only a 
reported for Amberlite IRA 
ge 1 ion-exchange resins, 
Jable 1.1 were measured using nitrogen 
small fraction of the surface area 
400, 900 and 904 resin is available 
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1 15KV 300~M 71.014 
Photograph 1 A SCANNING ELECTRON MICROGRAPH OF AN 
AMBERLITE IRA RESIN BEAD SHOWING ITS 
HIGH PO ROSI TY. < x 120 ) 
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to colloidal particles, as the colloids are occluded from the 
resin internal surface area by the resin's small pore size. 
The effectiveness of highly macroporous ion-exchange resins in 
the removal of organic and inorganic colloids was shown in early 














































TABLE 2.2 Effectiveness of Amberlite IRA 938 for inorganic 
colloid removal. (Tilsley 1979)(12) 
Subsequent research has shown that highly macro-porous resins can 
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be used effectively for removing non-reactive silica, high mole-
cular weight humic matter, radioactive "crud", and for rendering 
water sterile and pyrogen free (13,15,16). 
Other successful applications are reviewed in Appendix F. 
1.3 OBJECTIVES AND MOTIVATIONS 
The primary objective of the present study is to determine the 
fluid dynamic and electrostatic factors which affect colloidal 
particle diffusion across the ion-exchange resin-liquid boundary, 
with particular reference to the highly porous outer surface of 
Amberlite IRA 938 resin and similar materials, and thus appraise 
the adsorptive filtration process as an alternative pretreatment 
process for seawater desalination by reverse osmosis. 
However, understanding of fluid dynamic and electrostatic factors 
which determine colloidal particle adsorption/deposition on 
charged surfaces can also be applied in other fields. 
For example, fouling of membranes by adsorption/deposition of 
colloidal particles on the membrane surface can be descr·ibed and 
thus possibly prevented. The significance of surface charge in 
membrane processes has already been acknowledged by certain mem-
brane manufacturers who are producing charged membranes in an 
attempt to limit particulate fouling (17). 
In the medical field a charged coating on the wall of an arti-
fical organ might be used to repel similarly charged platelets in 
flowing blood, thus preventing their damage (18). 
In filtration it would be advantageous to have filtration media 
which attract colloidal particles and thus increase filtration 
efficiency. Adsorptive filtration is thought to account for the 
removal of most of the micro-particles from liquids. A relatively 
new application of adsorptive filtration is the use of ion-
exchange resins to recover or remove virus, bacteria and 
colloidal silica from aqueous solutions. 
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Information concerning the transport of colloidal particles 
within the porous resin bead, will shed light on process problems 
such as the use of anion exchangers for mining effluent 
desalination where current practice avoids high pH in the belief 
that metal hydroxide precipitation will cause resin fouling. The 
general problem of particulate fouling of resins and membranes 
will be further understood. 
Finally it is significant that fundamental relationships 
diffusivity of molecular species are accepted as analogous 




organic molecules, which often have varying charge and polarity, 
is therefore likely to be similar to that of colloidal particles 
as regards electrostatic and chemical interactions. Thus insight 
into the adsorption and fouling of resin by large organic 
molecules can be obtained by the study of the adsorption of 
colloidal particles to resins. The use of well defined stable 
colloidal particles to study the interior characteristics of 
porous adsorbents eg. as "probes" may also be considered as a 
useful research tool arising from the study reported here. 
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CHAPTER 2 
THEORETICAL BACKGROUND TO COLLOID DIFFUSION, INTER-PARTICLE 
ATTRACTION/REPLUSION AND ADSORPTIVE FILTRATION 
2.1 INTRODUCTION 
Colloids are intermediate in size between true solutions and 
suspended matter (6,7). Although there is no clear cut definition 
as to the size of colloidal particles, the term is generally 
applied to any particle larger than 10 angstroms and less than 1 
micron (7,8). 
In this study emphasis has been placed on small particles present 
in natural waters, which cause fouling of reverse osmosis mem-
brane surfaces. Two independent reseachers have determined, 
relatively conclusively, that large particles do not contribute 
significantly to reverse osmosis fouling. Winfield (19) found 
that particles larger than 5 microns do not cause reverse osmosis 
fouling and speculates that these particles are swept away in the 
bulk liquid flow, due to shear forces. Sugahare et al .(20) exam-
ined the effect of smaller particles on reverse osmosis fouling 
and concluded that particles smaller than 0.45 microns, generally 
classed as colloidal particles, contribute more to fouling than 
particles larger than 0.45 microns. 
Most colloidal particles are sufficiently small and stable to 
pass though reverse osmosis pretreatment systems (6), but are 
concentrated, destabilised and deposited on the reverse osmosis 
membrane surface. 
Colloidal foulants are generally difficult to characterise as 
they vary widely in composition and size. In practice however 
most colloidal particles found in natural waters fall into one of 
the following three groups:(6,21,22) 
i) Aluminium silicate clays - products of natural 
weathering, 
ii) Colloidal silica - includes silicon dioxide, bisilicate 
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and polymerised silica. 
iii) Amorphous organic debris, cell walls, cellular fragments 
and organisms such as bacteria and viruses, 
In order to understand the behaviour of colloidal foulants and 
colloid removal by adsorptive filtration, a basic understanding 
of colloidal systems is required. 
2,2 COLLOIDS AND THE STABILITY OF COLLOIDAL SYSTEMS 
A brief summary of this and the following sections can be found 
at the end of the chapter (section 2.7). 
It has long been observed that solid particles in a colloidal 
dispersion can move in an electric field, indicating that these 
particles carry an electric charge. Solid phases (eg. clays, 
silica, bacteria, etc.) take on a net electrostatic charge which 
may be either negative or positive; most colloids in natural 
waters develop a net negative surface charge. 
Colloidal particles have large surface area to weight ratios; 
consequently their behaviour is governed by their surface proper-
ties the most important of which is surface charge. 
Three distinct processes can produce a surface charge on a solid 
colloid particle (23). 
i) Many colloids contain functional groups which are readily 
ionisable (eg. hydroxyl, carbonyl, amino). The charge on 
these particles is dependent upon the extent to which 
these surface groups dissociate; particle charge there-
fore depends upon the pH of the solution. 
ii) Surface charge could be caused by lattice imperfections at 
the solid surface. For example, if in an array of solid 
silicon dioxide tetrahedra a silicon atom is replaced by 
an aluminium atom, a negatively charged framework as 
shown in Figure 2,1 is established. 
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iii) The surface charge on a colloidal particle may arise from 
the preferential adsorption of certain ions from solution. 
This specific adsorption of ions arises from hydrogen 
bonding and/or London - van der Waals forces. 
-1 
0 0 0 0 
/~/~/~/~ 
Si Al Si 
~/~/~/~/ 
0 0 0 0 
Figure 2.1 AN ALUMINIUM ATOM SUBSITUTED INTO A SILICON 
TETRAOXIDE LATTICE, SHOWING THE RESULTING 
NET NEGATIVE CHARGE. 
The surface charge of a colloidal particle influences the 
distribution of nearby ions in the liquid, ions of opposite 
charge (counter-ions) are attracted towards the surface and ions 
of like charge (co-ions) are repelled from the surface. 
Two models have been developed to explain the distribution of 
ions around a charged colloid. The older of the two models 
developed by Gouy and Chapman (8), proposes that the electrical 
double layer surrounding a colloid consists of the charged 
colloid surface and a diffuse region of ions around the surface, 
The counter-ions near the charged surface screen those further 
away from the full electrostatic field, causing their concen-
tration to fall off rapidly with increasing distance from the 
solid/solution interface. This concentration profile causes back 
diffusion of the ions to the bulk solution so that a steady state 
dynamic equilibrium distribution of ions and charge develops. 
The Stern model (6,8) proposes that the electrical double layer 
consists of a compact <Stern) layer and a diffuse layer of ions. 
The compact Stern layer is composed of counter-ions which are 
strongly held to the surface by electrostatic or van der Waals 
forces. The diffuse layer is composed of both co- and counter-
ions in a concentration profile as in the Gouy-Chapman model. 
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When two similarly charged colloidal particles approach 
other, their diffuse ion atmospheres begin to interact and 
the replusive forces due to their surface charges and 






Similar interactions can be expected between a colloid particle 
and surface such as a flat plate collector or the surface of an 
adsorptive filter which may be charged for similar reasons as the 
colloid. 
London - van der Waals forces are attractive forces between 
matter, and are inversely proportional to the sixth power of the 
separation distance. Coulombic/double layer forces arise from 
surface charge and consequently can be either repulsive or attra-
ctive. Coulombic forces, although strongly affected by electro-
lyte strength, are typically inversely proportional to the square 
of the separation distance and thus, at low ionic strengths, act 
over greater distances than the London - van der Waal forces. 
Figure 2.2 shows the variation of London - van der Waals and 
double layer forces with separation distance. 
It is customary to describe the interaction between colloidal 
particles in terms of interaction potential energies. Repulsive 
forces give rise to positive potential energies while attractive 
forces result in negative potential energies. The summation of 
the two interaction potential energies, London - van der Waals 
and coulombic potential energies, is represented using a graph 
describing the variation of the net interaction potential energy 
as a function of the separating distance between the colloids. 
Figures 2.3a and 2.3b show typical interaction potential energy 
curves for two similarly charged and oppositely charged colloidal 
particles. 
From Figure 2.3a it is apparent that for similarly charged 
particles only particles having sufficient kinetic energy can 
penetrate the energy barrier and unite to form a secondary 
particle. Thus a stable colloidal suspension can be destabilised 
by increasing the kinetic energy of its particles; this energy 
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Figure 2.2 THE VARIATION OF LONDON - VAN DER WAALS AND 
COULOMBIC FORCES AS A FUNCTION OF THE SEPARATING 
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Figure 2,3a INTERACTION POTENTIAL ENERGY CURVE FOR 
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flocculation and/or increased motion and shear forces in the 
liquid causing orthokinetic flocculation. Colloids can also be 
destabilised by the addition of or an increase in, electrolyte 
strength. Increasing the concentration of electrolyte compresses 
the thickness of the diffuse boundary layer, surrounding the 
particle, decreases the distance over which the repulsive forces 
are effective and therefore substantially reduces the potential 
energy barrier as shown in Figure 2.4. 
2,3 THE MECHANISMS OF ADSORPTIVE FILTRATION IN PACKED BEDS 
Deep bed filtration is an engineering practice of long standing 
and is used primarly for the removal of suspended particles from 
fluid streams, The removal is accomplished by passing the sus-
pension through beds consisting of granular or fibrous mater·ials, 
A fundamental analysis of filtration involves the study of 
particle adsorption/deposition on a collecting surface. 
In packed beds particulate suspensions flow past the surface of 
the packing (filtration media), particles in the suspension are 
therefore transported toward (or away from) the collecting sur-
face, Adsorption/depostion of these particles on the packing 
depends on two main events (24): 
i) transport to the collector surface, and 
ii) attachment to the collector surface. 
As the attachment step, in most cases, is relatively fast 
assuming the surface charges are favourable, the rate limiting 
step is the transport to the collector surface (25), 
The transport 
the collector 
of particles from the bulk suspension to or from 
surface is the result of the combined action of 
numerous forces acting on the particles, The most important are: 
i) Fluid motion (convection) - responsible for interception: 
a suspended particle following a streamline of flow may 
come into contact with the collector by virtue of its own 
size, 


































Figure 2,4 THE EFFECT OF IONIC STRENGTH ON INTERACTION 
POTENTIAL ENERGY CURVES RESULTING FROM TWO 
SIMILARLY CHARGED PARTICLES, 
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the density of a suspended particle is greater than that 
of the suspending liquid the particle will follow a 
trajectory influenced by gravity and its own momemtum. 
iii) Brownian motion - causes Brownian diffusion: particles in 
a suspension are subject to random bombardment by 
molecules of the suspending medium resulting in Brownian 
movement of the particles. 
iv) Surface interactions - London - van der Waals and 
electrostatic forces, may attract particles to or repel 
particles from a collector surface. 
The transport mechanisms of fluid motion, inertia and Brownian 
motion are illustrated in Figure 2.s. 
The relative importance of these forces depends on a number of 
factors, the most important being particle size. As particle 
size decreases the significance of gravity and gravity induced 
forces and interception decreases, while the strength of surface 
related forces and Brownian motion increases, as illustrated in 
Figure 2.6. This occurs because the surface to mass ratio of the 
particle increases dramatically as the particle size decreases 
Ceg. surface to mass ratio increases by a factor of a million for 
a decrease in size from 100 to 0.1 microns). 
The effect of hydrodynamic retardation, which like surface forces 
and Brownian motion becomes more significant as particle size and 
mass decrease, is to slow the particle as the resin surface is 
approached. The reduction in particle velocity results from 
increased drag forces which are caused by additional friction 
between the fluid, particle and collector surface. 
Typically particles larger than about 1 micron are transported to 
the collector surface by settling and interception while smaller 
particles are transported by Brownian diffusion (26). The 
particle size at which Brownian diffusion becomes the major 
transport mechanism is largely determined by the density of the 
particle. It has been found that Brownian diffusion becomes 
adsorption rate controlling below a particle size of about 0,7 
microns for particles of specific gravity 2.6. For particles of 
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Figure 2,5 PARTICLE TRANSPORT MECHANISMS TO A SPHERICAL 
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controlling below a particle size of about 3 microns (26), 
(A discussion of the above effects follows in section 4,4,1,) 
The rate of adsorption/depositon for colloidal particles is 
determined largely by diffusion (Brownian motion) and surface 
forces (24,27). 
The mass transfer rate (flux) of colloidal particles to a collec-
tor surface in a packed bed is expected to be dependent on 
diffusion processes, as London - van der Waals and double layer 
forces usually act over very short distances (+- 100 nm), 
2,4 CLASSICAL DIFFUSION FILM THEORY 
Diffusion control led adsorption to the surface of a collector, is 
according to Nernst theory (28) dependent on three parameters: 
i) The thickness of the hydrodynamic boundary layer 
adjacent to the collecting surface, 
ii) The concentration gradient across the boundary layer, 
iii) The diffusion coefficient of the colloidal particles. 
The concept of a thin layer of static liquid immediately adjacent 
to the surface of a solid body through which diffusion of a 
reacting/adsorbing species takes place (see Figure 2,7 on page 
28), was first proposed by Nernst, This theory however, involves 
a gross simplification of the real situation, as convection of a 
solution by turbulent or laminar flow recedes continuously from 
the bulk solution to the solid surface. Despite this drastic 
simplification the Nernst model describes diffusion phenomena at 
solid interfaces fairly accurately. This has been shown by both 
experimental evidence and more detailed theoretical approaches 
( 30, 31) . 
The "film thickness" is a fictitious quantih· and therefore 
cannot be measured directly. Levich <32) points out that the 
diffusion layer has been found to be a function of the diffusion 
coefficient of the particles and the degree of agitation in the 
bulk fluid, This indicates that, under given experimental cond-
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itions, there is a diffusion layer thickness corresponding to 
each particle or ion diffusing in the solution (ie. a diffusion 
film thickness is not necessarly equal to the hydrodynamic 
boundary layer thickness). This emphasizes the empirical nature 
of the Nernst theory. 
Acknowledging the non-theoretical nature of the Nernst theory for 
the convective diffusion situation, it was nevertheless decided 
to use this approach for its ease of understanding and success in 
describing diffusion phenomena at solid surfaces. 
For the simple case of diffusion controlled adsorption to a flat 
plate (the radius of the collector is usually orders of magnitude 
larger than the size of the colloidal particle and therefore the 
adsorbing surface can be approximated by a flat plate) the 
adsorption rate may be described by the following expression 
< 28) : 
D (Ca - C ) C s where D is the diffusion coefficient 
- ra = 
0 of the particles, 
s is the area of the plate, 
0 is the boundary layer 
thickness, 
Ca is the colloid concentration 
in the bu 1 k, and 
Cc is the colloid concentration 
at the collector surface. 
The collector surface in most adsorption processes can be 
approximated by a perfect sink, as the attachment step in most 
cases is extremely rapid, thus the concentration of the colloid 
in the liquid adjacent to the surface can be considered to be 
zero at all times. The concentration gradient therefore, with its 
one point fixed at zero concentration, is a function of the 
thickness of the boundary layer, The rate of adsorption is 
therefore largely dependent on the boundary layer thickness. 
Levich proposed that the hydrodynamic boundary layer thickness in 
a packed bed could be approximated by the following expression 
( 33) : 
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l 
on= a (D/Ua)3 
where u is the superficial 
in the bed, and 
1 
fluid velocity 
a is the radius of collector particles 
in the bed. 
l 
Thus the adsorption rate should be proportional to U3 , keeping 
other parameters constant. 
2,5 CORRELATIONS FOR DIFFUSION CONTROLLED ADSORPTIVE FILTRATION 
The rate of particle adsorption/deposition in a packed bed, can 
be evaluated using first order kinetics as follows (27,34): 
----- 2 
where k is the mass transfer rate constant, 
Ca is the particle concentration in the liquid, 
s the surface area of the collector, and 
V the volume of liquid dispersion. 
Ruckenstein and Prieve (35) using the Levich proposal that the 
l 
adsorption rate should be proportional to U3. developed the 
following correlation for the mass transfer rate constant: 
2 -~ ! 
k = 0,624 D3a 3U3 
where u is the velocity of liquid flow relative to the 
collector, 
a is the radius of the collector beads, and 
D is the diffusion coefficient and is given by: 
where kB is the Bal tzman constant, 
T the absolute temperature, 
n the viscosity of the liquid, and 
4 
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ah the radius of the particles in the suspension. 
Equation 3 gives the rate constant, k, for single collector beads 
and makes no correction for close packing in a bed, Ruckenstein, 
Pfeffer and Happel (36,37) included a porosity term into this 
equation which takes into consideration a collection of beads 
rather than a single sphere, 
2 2 1 
k = 0,624 D3 a 3 (BU) 3 5 
where u is the superficial flow velocity, and 
B is given by the following relation: 
B = 2 ( 1 - y 5 )/(2 - 3y + 3y 5 - 2y 6 ) Sa 
and y is given by' 
y = 1 - e: Sb 
where e: is the void fraction in the packed bed, 
The mass transfer correlation for dissolved species proposed by 
Williamson, Bazaire and Geankoplis (38) is of a similar form to 
equations 3 and 5, 
where the Reynolds number given by: 
Re= paU 
e:n 
where pis the density of the liquid, 
c the bed void fraction, 
D,e t he 1 i q U i d d i ff US i Vi t y * 






• The liquid diffusivity must be replaced by the diffusion 
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coefficient of the particles being used (equation 3 can be used 
to calculate this coefficient). 
2.s.1 Limitations of the proposed correlations 
The correlations discussed above assume that the surface forces 
acting between the particles and collector are negligible. This 
limits their usefulness. Experimental evidence has clearly shown 
that the rate of adsorption/deposition of sufficiently small 
particles, although governed by diffusion can be enhanced or 
retarded by London - van der Waals and coulombic forces (27,39). 
This is illustrated in Table 2.1 which compares experimental and 
predicted mass transfer rate constants obtained by this author 
for various colloidal particles to postively charged Amberlite 










Size Zeta Potential Adsorption Rate 
(microns) (pH 7 +- 1.5) x 1 o- 7 <mis) 
measured predicted** 
o.s -35 to -39 mv 17.6 7.23 
0.4 +15 to -23 mv 0 8.39 
o.s -33 to -40 mv 16.3 7.23 
A comparison of predicted and measured adsorption 
rates for various colloidal particles to postively 
charged Amberlite IRA 938 resin. 
** predicted adsorption rates were calculated using 
equations. 
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2.6 CORRELATIONS FOR ADSORPTIVE FILTRATION WHICH INCORPORATE 
INTERACTION FORCES 
The rate of diffusion of colloidal particles may be greater or 
lessor under the influence of interaction forces existing near 
the surface of the collector, than under the influence only of 
diffusion due to concentration gradients further away from the 
surface, where interaction forces have diminished to negligible 
values. 
The dependence of adsorption rate on London - van der Waals and 
double layer potentials has been investigated by Prieve and 
Ruckenstein (40,41). When the diffusion boundary layer is thick 
compared with the interaction force boundary layer (which is 
usually the case), the mass transfer rate constant, k , is given 
by: 
7 
w h e r e k e q u a l s kd i n t h e ab s e n c e o f i n t e r a c t i o n f o r c e s , an d 
is ki rel ate d to the total interact ion potent i al 
through the following expression: 
l 
ki = D(w/2nkBT) 2 e(-Vmax/kBT) 8 
where Vmax is the maximum interaction potential (see 
Figure 2.3a) and is given by: 
w = 8a 
where x is the distance of separation between the collecting 
surface and particle. 
2.6.1 Evaluation of the total interaction potentials 
The total interaction potential, ~' between a particle and coll-
ector, as a function of distance, x, in an ionic medium is due 
to London - van der Waals potential, 9A(x), and electrical double 
iayer potential, ¢R(x), (39) 
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9 
The London - van der Waals potential can be calculated using 
Hamaker constants. The Hamaker constant of a substance is a 
function of the number of atoms per unit volume and the 
polarisability of that material. The London - van der Waals 
potential is calculated as follows: 
¢ (x) = --111. ln 
A [ (x+2ah) 
A 6 x 
where ah is the particle radius, 
A132 is the overal 1 Hamaker constant which is 
approximated as follows: 
where A11 , A22 ,A 33 are individual Hamaker constants for the 
collector, particle and medium. 
10 
1 1 
Equation 10 assumes that the particles are adsorbed/deposited on 
a flat plate; this approximation, as explained previously is 
acceptable as the diameter of the collector, such as a resin 
bead, is usually orders of magnitude larger than the diameter of 
the colloidal particle. 
The electrical double layer potential, ¢R(x), can be calculated 
using the linearised solution of the Poisson - Boltzmann equation 
< 42) : 
if, (x) 12 
where; is the dielectric constant of the medium, and 
w , ~ are the surface potentials of the collector and 
• l 2 
particle. 
K ,the Debye-Huckel reciprocal length, describes the maximum 
separation at which a given electron will be influenced by the 




where ni is the number of ions of species i per unit vo1ume, 
ei is the charge of species i 
kB is the Boltzmann constant, and 
T the absolute temperature. 
The electrical double layer potentials can be evaluated at two 
different sets of boundary conditions, called modes, 
the conditions of constant charge density and constant 
potential. The upper signs in equation 11 are for the 
of constant surface potential and the lower signs 





The physical significance of the modes is explained by Overbeek 
(43), The surface potential of a colloidal particle is determined 
by the activity of the potential determining ions adsorbed to its 
surface, If during an interaction the adsorption equilibrium of 
the ions is maintained the interaction is said to occur at 
constant surface charge. If the equilibrium is disturbed the 
interaction may occur at constant charge density or at some 
situation intermediate between the two modes. 
Using the above equations the total interaction potential as a 
function of the separation distance between particles or collec-
tor and particle can be calculated. These values are then plotted 
to give surface interaction energy profiles (Figure 2,2), which 
can be used to explain the rate of adsorption/deposition of 
particles, 
An energy barrier, as shown in Figure 2,3a, will retard or pre-
vent adsorption of particles to a collector, The potential 
energy profile shown in Figure 2.3b will enhance adsorption of 
colloidal particles to a collector, and consequently the adsorp-
tion rate will be faster than for a pure diffusion controlled 
system, 
The maximum interaction potential ,Vmax. from the plot together 
with the equations proposed by Ruckenstein and Prieve(equations 7 
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and 8) allows the prediction of the rate of adsorption/deposition 
of particulates. 
2.6.2 Interpretation of the total interaction potential energy 
profiles by Kim and Rajagopalan 
Kim and Rajagopalan (11) studied the relationship 
shape of interaction potential energy curves and 
between the 
the corres-
ponding adsorption rates and derived a correlating equation which 
can be used for predicting adsorption rates of particles to 
various substrates. 
They proposed that the surface interaction potentials can be 
characterised by two or three terms and that individual physico-
chemical properties or the double layer interaction mode need not 
be directly represented in the correlation for adsorption rate, 
This approach can be explained with the help of net interaction 
energy profiles shown in Figure 2.8, These potential profiles 
represent the sum of coulombic and London - van der Waals inter-
action energies between two surfaces, 
Cu r v e 1 ha s a 1 a r g e p o t e n t i a 1 e n e r g y bar r i e r ( V max ) an d a n e g 1 i -
gible secondary minimum, In this case the rate of adsorption/ 
deposition is determined by the height of the potential barrier 
(Vmax), the magnitude of the London-van der Waals force (N£o) and 
the amount of convection (Pe, Peclet number), if a significant 
velocity component perpendicular to the surface exists, 
Curve 2 in addition to having a large potential energy barrier 
(Vmax ), has a large secondary minimum. Thus particles accumulate 
close to the secondary minimum (Vsmin) which increases convective 
transfer of particles parallel to the substrate if the velocity 
component in that direction is significant. The rate of adsorp-
tion/deposition of particles in this case is a function of four 
parameters, namely Vmax' Vsmin, N£o and Pe. An increase in con-
vection (Pe) in this case generally leads to a decrease in the 
adsorption/deposition rate. 













Figure 2.7 NERNST DIFFUSION LAYER. (Helfferich)(29) 
The diagrams show the actual and idealised 
concentration profiles (solid and broken 
lines respectively) of a species which 
reacts instantaneously at a solid surface. 
The idealised profile is the tangent of the 
actual profile at the surface. In addition 
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PROFILES. (Kim and Rajago?a,an) (11) 
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a large secondary minimum CVsmin ). This causes competition 
between normal and tangential mass transfer. The adsorption/ 
deposition rate therefore first increases and then decreases as 
convection increases (Pe). 
Kim and Rajagopalan based their correlation for prediction of 
adsorption/deposition rates in packed beds on Curve 1. The corre-
lating equation is presented below: 
14 
where Sh is the Sherwood number; superscript cd denotes 
value based on convective - diffusion alone, 
superscript t denotes actual numerical calculation, 
l l 
Shed= 0.9976 3 Pe 3 
15 
This equation is similar to both the previously presented 
diffusion equations proposed by Ruckenstein et al. (36,37) and 
Williamson, Bazaire and Geankoplis (38), 
Q is the aspect ratio and is the ratio of the particle and 
collector radii. 
16 
The Peclet number is given by: 
Pe= U(2a)/D 17 
where u is the approach velocity of the fluid, 
D the diffusion coefficient for particles in the bulk 
Bis defined as: 
B = N£o- 0 , 22 + 0,05N£o 2 • 7 ----- 18 
and the London group is given by: 
----- 19 
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where A is the overall Hamaker constant given by equation 11 
~ is the Boltzman constant and 
T is the absolute temperature. 
Finally the function (N.eo, Pe, Q- 1 ) which represents an adsorption 
/deposition rate in the absence of double layer forces can be 
approximated using Figure 6 in reference number 45. 
The Kim and Rajagopalan approach using equation 14 can be used 
for predicting adsorption rates for colloidal particles in packed 
beds under a wide range of double layer interactions, the only 
limit being the depth of the secondary minimum in the interaction 
en erg y pr of i 1 e w h i ch must be ~ 0 , 5 kB T ( 11 ) • 





advantage of all the correlations and expressions 
is that they are closed-form expressions for the 
rate constant and consequently computation of the 
adsorption rate can be accomplised without recourse to numerical 
methods and/or simplifying assumptions of ordinary or partial 
differential equations, 
The correlating equation presented by Kirn and Rajagopalan has the 
further advantage that it can be used to determine an effective 
activation energy for adsorption from experimental measurements 
of adsorption rates. The actual activation energy depends on the 
mode of the double layer interaction which is difficult to 
specify <11). 
2.6.3.2 Limitations 
For the purpose of this study the shortfall of the presented 
equations is that none adequately covers the situation of enhan-
ced adsorption rates when the collecting surface and colloidal 
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particles have opposite charge <Figure 3.3b). Equations which 
account for interaction forces, (equation 8 by Ruckenstein and 
Prieve and Equation 14 by Kim and Rajagopalan) revert to forms of 
the diffusion controlled adsorption equations, as the term 
Vmax becomes meaningless. 
Further all the equations presented thus far assume that the 
transport of the colloid to the collector surface is the rate 
limiting step, as attachment to the collector surface is assumed 
to be almost instantaneous. Spielman and Friedlander (33) point 
out that if the transport to the surface is very rapid 
physisorption may be slow in comparison and thus can be rate 
limiting. In section 4.4.4 this case is discussed further. 
2.7 SUMMARY OF THEORY 
2.7.1 Colloids and colloidal systems 
Colloids, generally defined as particles larger than 10 angstroms 
and smaller than 1 micron (see section 2.1), take on a net 
electrostatic charge (usually negative in natural waters). This 
surface charge influences the distribution of nearby ions in the 
liquid and thus an electrical double layer develops around the 
particle. 
When two colloids approach, their diffuse ion atmospheres 
interact and similarly charged colloids are repelled while oppo-
sitely charged colloids attract. 
It is customary to describe the interaction between colloids in 




arise from London - van der Waals forces (attractive 
and coulombic forces (either attractive or repulsive in 
A stable colloidal suspension can be destabilised or flocculated 
by increasing the kinetic energy of its particles and thus 
increasing the number of particles with enough energy to overcome 
the potential energy barrier between the particles, Also the 
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electrolyte strength of the suspending liquid can be increased 
thus shrinking the thickness of the electrical double layer 
around the particles and reducing the repulsive forces between 
the particles, This applies equally to flocculation/aggregation 
and to collection, 
2,7,2 Mechanisms of adsorptive filtration in packed beds 
Adsorption of particles to a collector surface consists of two 
main events: transport to the collector surface and attachment to 
the surface (24), 
Transport to the surface is generally regarded as the rate limit-
ing step (25), It results from the combined action of various 
forces, the most important being; fluid motion (convection), 
inertia (sedimentation, velocity), Brownian motion and the 
surface interactions described above, 
The relative importance of these forces depends largely on the 
size and density of the particle: typically particles larger than 
about 1 micron are transported to the surface by settling and 
interception while smaller particles are transported by Brownian 
diffusion and surface forces (26), 
Adsorption of colloidal particles to a collecting surface is 
usually governed by diffusion processes (24,27). The rate of 
adsorption, according to classical diffusion theory, is therefore 
largely dependent on the thickness of the hydrodynamic boundary 
layer adjacent to the collecting surface (45), 
Levich proposed that the thickness of the boundary layer in a 
packed bed is proportional to the superficial fluid velocity in 
the bed (32), 
2,7,3 Correlations and limitations for diffusion controlled 
adsorptive filtration 
The rate of particle adsorption/deposition in a packed bed, has 
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been found to follow first order kinetics (27,34). 
Ruckenstein and Prieve (35) and others (36,37,38), developed 
correlations for the mass transfer rate constant, to be used in 
conjunction with the first order kinetic model of the system. 
These correlations are based on the the Levich proposal that the 
hydrodynamic boundary layer and therefore the adsorption rate is 
related to the superficial fluid velocity in the bed. 
These correlations however are limited by the assumption that the 
surface forces acting between the particles and collecting 
substrate are negligible. 
2,7.4 Correlations for adsorptive filtration which incorporate 
interaction forces 
Experimental evidence has clearly shown that the rate of 
adsorption of sufficiently small particles, although governed by 
diffusion can be enhanced by London - van der Waals and enhanced 
or retarded by coulombic forces (27,39). 
Prieve and Ruckenstein (40,41) suggest calculating the inter-
action potential energies between the particles and collector and 
incorporating these in an interaction potential energy/activation 
energy term. This term and the adsorption rate constant predicted 
using diffusion controlled adsorption correlations are then 
summed as parallel resistances. Thus when the interaction forces 
are negligible the overall adsorption rate constant reverts to 
the diffusion controlled adsorption correlation. 
Kim and Rajagopalan Cll) interpreted interaction potential energy 
curves and related each curve to a corresponding adsorption rate. 
This led to the derivation of a correlating equation which can be 
used to predict adsorption rates of colloidal particles on 
various substrates, Typically the adsorption rate was found to be 
dependent on four parameters, the maximum potential energy of 
interaction (Vmax ), the magnitude of the London - van der Waals 
force (N£o), the amount of convection (Pe, Peclet number) and the 
secondary minimum ( Vsrnin> on the interaction potential energy 
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profile, 
2,7,5 Limitations of the presented expressions 
None of the above mentioned correlations or equations adequately 
covers the situation of enhanced adsorption rates for oppositely 
charged particles and collecting surface, 
All the equations presented assume that transport of the parti-
cles to the surface is the rate determining step, Spielman and 
Friedlander (33) point out that physisorption is often a rela-
tively slow process and thus if the transport to the surface is 
rapid the attachment step can be rate limiting, 
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CHAPTER 3 
EXPERIMENTAL METHODS AND APPARATUS 
3,1 EXPERIMENTAL PROGRAMME 
The overall aim of the experimental study was to investigate and 
isolate the factors which influence the adsorption of colloidal 
particles onto and into highly porous ion-exchange resins, This 
entailed an investigation into fluid dynamic and electrostatic 
factors expected to affect colloid transport to the resin and 
consequently led to the following experimental programme: 
i) Determination of equilibrium adsorption isotherms, 
ii) Study of resin regeneration and adsorption reversibility. 
iii) Study of the influence of the following parameters on 
the kinetics of colloidal particle adsorption to highly 
porous ion-exchange resins such as Amberlite IRA 938~ 
a) Colloidal particle size, 
b) Resin bead size, 
c) Superficial fluid velocity in the resin bed, 
d) Charge on the resin, 
e) Charge on the colloidal particle, 
f) pH of the bulk solution/suspension, 
g) Ionic strength of the bulk solution/suspension, 
3,2 EXPERIMENTAL MATERIALS 
In order to study the mechanisms and rate controlling parameters 
affecting the uptake and release of colloidal materials by highly 
porous adsorbents, it was necessary to use a well defined and 
characterised colloidal material, 
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3.2.1 Model colloid Primal E1743 
Experimental Opaque Polymer Primal E1743 is such a materia1. It 
is manufactured by Rohm and Haas and was designed as substitute 
light scattering material for titanium dioxide in paint. 
As supplied Experimental Opaque Polymer Primal E1743 is a 40% 
solids aqueous emulsion polymer with a particle size between 0.5 
and 0.6 microns. These particles consist of a hard thermoplastic 
(acrylic) outer shell and a core of approximately 0.3 microns 
diameter which contains water (46). 





Zeta potential (pH 7) 
milky white suspension. 
40% (by mass) 
50% (by volume) 
0.5 0.6 microns 
1.032 g/cm3 (wet) 
-38mv (measured value) 
From the above it is clear that Primal E1743 is a well 
terised aqueous emulsion polymer and consequently is an 
model colloid for the work reported here. 
charac-
useful 
For all the kinetic experiments using model colloid Pl"imal E1743, 
a 200 ml colloid suspension was prepared. The concentration of 
the suspension was so p!"epared that it gave an absol"bance of 
about 1.0 on the spectrophotometer (approximately 6.25 micro-
litres of Primal E1743 in 200 ml of distilled water'). Prior 
calibration of the spectrophotometer with this suspension J"e-
vealed that absorbance is linear with concentration up to concen-
tration of 40 micro-litres/litre of distilled water ( ~ 20 mg/1). 
3.2.2 Highly porous Amberlite IRA 938 resin 
Most experiments carried out in this work involved the adsorption 
of model colloid Primal E1743 to the commercial1y available, 
highly porous, strong anion resin Amberlite IRA 938 manufactured 
